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ABSTRACT

A tactical missile with mid-course requires the use of an Inertial

Navigation System (INS). Steady-state Kalman Filters (SKF) used as

estimators have been proposed for use in a Strapdown INS that is con-

sidered to be cheaper and easier to implement than a gimbaled INS.

This thesis further investigates the sensitivity of the SKF to in-

accuracies in the filter parameters such as the dimensional stability

derivatives. The analysis is expanded to explore the sensitivity of a

system of higher dimension created by the augmentation of an additional

state. The study has been performed by independently varying each of the

filter parameters over a given range and noting the effect on the accu-

racy of the filter. One of the benefits of this analysis of the rms

rA estimate errors to variations in the stability derivatives is that it

reveals which derivatives need to be accurately determined to ensure

*1 stable flight.
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I. INTRODUCTION

A tactical missile normally requires midcourse guidance to ensure

that its trajectory leads to a specific target. A typical midcourse

guidance law pre-programmed strategy maintains constant altitude, heading

and speed. Such guidance is primarily effected by an Intertial Navi-

gation System (INS). In this work two steady-state Kalman Filters (SKF),

used as estimators of tie longitudinal and lateral motion, constitute

what may be considered as part of a Strapdown INS onboard a missile that

can be cheaper and easier to implement than a gimballed INS. The authors

of [Ref. 1] discuss the basic differences between Strapdown and gimballed

Inertial Navigation Systems.

Sensors on the missile that the longitudinal and lateral estimators

could use are described by Maybeck [Ref. 2] and include laser rate gyros,

doppler velocimeters, magnetic compasses, and barometric altimeters. A

radar seeker could provide a distance or range measurement or range rate.

Distance or position measurement could be computed from a signal inserted

into the missile's INS from the Global Positioning System (GPS) or

similar satellite-based navigation system.

This work was motivated by Bryson [Ref. 3], where he discusses a

Strapdown INS using SKF as estimators applied to the model for the DC-8

airplane. To avoid classification requirements and for convenience, the

model used here is essentially the same as that of [Ref. 3] rather than

that of a missile.

10



This thesis is a continuation of the work done by Matallana [Ref. 4].

It further investigates the sensitivity of the Kalman Filter to inaccu-

racies in the filter parameters or varation between the filter model and

the plant model for longitudinal motion estimation. The differences

could be due to model inaccuracies or to normal variation caused by a

changing flight environment. The sensitivity of rms estimate errors to

inaccuracies or differences in the stability derivatives is the result of

interest.

The initial work conducted was to reproduce the results of iRef. 3]

and [Ref. 4] with the correct implementation of the dynamics in the

filter parameters. Then the results of [Ref. 4] for the longitudinal

motion estimator with incorrect implementation of the dynamics in the

Kalman Filter were reproduced.

After a distance measurement and associated system and measurement

noise parameters were added to the model dynamics, the sensitivity anal-

ysis was repeated for the longitudinal motion estimator. The analysis of

the effect that this distance input had on the sensitivity of the tins

errors to inaccuracies or differences in the stability derivatives of the

Kalman Filter concluded the research for this thesis.

11



II. MODELS AND ESTMATION

A. KALMAN FILTER

Only a brief description of the Kalman Filter has been included to

show the particular formulation used. A more complete development of

general theory is done by Gelb in [Ref. 5].

1. Linear Dynamic System

Consider the linear time invariant system (plant and measurement

models) given by equation (1) below, where x represents the states of the

system; z is the measurement; F is the system matrix; r is the driving

noise coefficient matrix; H is the measurement scaling matrix; and w and

v are independent, zero-mean, white gaussian noise processes with covar-

iance matrices Q and R respectively.

x Fx + rw (1-a)

z = Hx + v (1-b)

Mathematically, Q and R are represented by equation (2) as:

E(w(t)wT ()) = Q(t)a(t-c), E(w(t)) = 0 (2-a)

E(v(t)v T(T)) = R(t)a(t-r), E(v(t)) = 0 (2-b)

2. Continuous Kalman Filter

A continuous time Kalman Filter is described by equation (3)

where A is the state estimate and K is a matrix of constant filter gains.

x = FR + K(z-HR) (3)

12
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The implementation of the System M4odel and the Kalman Filter is shown in

Figure 1.

MATHEMATICAL MODEL

SYSTE.M MEASUREMENT KALMAN FILTER

F Fi

Figure 1. System Model and Kalman Filter

The estimate error is defined by equation (4) as

x - X - x (4)

and the differential equation for x is given by

x= (F-KH)i - rw + Kv (5)

The differential equations for the states of a linear system driven by

noise can be expressed as

13



[i FK 1 x K-w (6)i-r ii] 07 +[Lrw--w

The covariance of the estimate-error, symbolized as P, is defined by

equation (7). It provides a statistical measure of the uncertainty in x.

(,= "T)xx (7)

The diagonal elements of the covariance matrix are the root mean square

errors of the state variables. Also, the trace of P is the mean square

length of the vector x. The off diagonal terms of P indicate the degree

of cross-correlation between the elements of X. The covariance matrix P

is obtained by solving the linear Lyapunov equation given by

P = (F-KH) P + P(F-KH)T + rQrT + KRKT (8)

The eigenvalues of the filter are given by the roots of

ISI - F + KHI = 0 (9)

B. STATE AUGMENTATION AND SHAPING FILTERS

When the system random disturbances are correlated in time, i.e.,

colored noise, it is necessary to use their power spectral density data

in order to develop a mathematical model that produces an output which

duplicates the noise characteristics [Ref. 2]. Correlated random noises

are taken to be state variables of a ficticious linear time invariant

* I system (usually called a shaping filter) which is itself excited by white

( gaussian noise. Such a model is given by equation (10) below, where the

14



subscript f denotes filter, and n is a nonwhite (time-correlated) gaus-

sian noise. The filter output is used to drive the system depicted by

Figure 2.

f F fxf + rfw (10-a)

zn Hfxf (10-b)

The dimension of the state vector (1) is increased by including the

disturbances as well as a description of the system dynamics behavior in

appropriate rows of an enlarged F matrix. This enlargement process is

called state vector augmentation.

V

SSHAPING FILTER SYSTEM {

-: I I - gi

,f F
Ig , II

Figure 2. Shaping Filter Generating Driving Noise

The augmented state equation is given by

[~~][& ! XJ[]+[L.]w (1
5 f f

15



A6 The associated measurement equation is

z Z= ][X- + v

[ [ ](12)

C. SENSITIVITY TO PARAMETER VARIATION

Observing the structure of the Kalman Filter illustrated in Figure 1,

the filter contains an exact model of the system dynamics.

The analysis of how the error covariance behaves when the gain matrix

is computed using perturbed values of the F matrix, such as varying

parameters due to different flight conditions, is well explained in

[Ref. 5]. Figure 3 is a block diagram of the system model and Kalman

Filter with the system dynamics perturbed. F* is the perturbed system

dynamics, while K* is the associated gain matrix computed for the Kalman

Filter.

SSYSTEM KALMAN FILTER
---- ---- ---------

H

V I

Figure 3. System Model and Kalman Filter with
Perturbed Dynami cs
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The equation for the estimate is given by

Ax = FM, + K*(z-Hi) (13)

The error in the estimate is given by

S= (F* - K*H)x + 4Fx - rw + K*v (14)

where

AF - F* - F (15)

The differential equations for the states of linear system driven by

white gaussian noise now become

(4)= [F] (4 Kvrwj (16)

Letting x' be the augmented state vector, x' I 4
The covariance matrix of x' is given by

E(xlxT) [E (17)

where one defines P A E(•T), V 4 E(xiT), and U - E(xxT) P, the covar-

iance of x, is the quantity of interest. The error sensitivity equations

are:

(F* - K'H) P + P(F* - K'H)T + AFV + VTAF + rQrT + K*RK*T (18-a)

V= FV + V(F* - K*H)T + UAFT - rQrT  (18-b)

17
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and
O=FU + UFT + FQFT (1$-c)

with initial conditions P(O) = -V(O) = U(O) E(x(O)x(O) ). When the

actual system dynamics are reproduced in the filter, F = F* and &F = 0,

and equation (18) reduces to the linear Lyapunov equation of equation

(8).

"0. MODAL COORDINATES TRANSFORMATION

The system represented by equation (1) is not unique. Consider an

alternate linear transformaton of the states described in references [3]

and [6]. Let x = T, where 4 represents the transformation of the states

and T is the transformation matrix with the columns formed by the eigen-

vectors of the system matrix F (for a complex eigenvalue, the first

column is the real part and the second is the imaginary part of the

eigenvector). The similarity transformation of equation (1) is

t At + Bw (19-a)

z C + v (19-b)

where A = T-1 FT, B = T'1r, and C = HT.

A case of particular interest, the canonical form, results when the A

matrix is diagonal (i.e., when the eigenvalues of the F matrix appear on

the diagonal). This canonical form is more informative than the transfer

function method, since observability and controlability of the system can

be obtained by inspection.

18
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4 E. SOLUTION OF THE SKF WITH A PRESCRIBED DEGREE OF STABILITY

* The constant gain Kalman Filter (SKF) used as an observor will

diverge if undisturbed, neutrally stable (UNS) modes are in the system

model. In references [3] and [7) the authors t:scussed the destabili-

zation of the system model (1). The amount of destabilization can be

varied until the suboptimal observor formed has a desired degree of

stability. The method of [Ref. 3] destabilizes only the UNS modes in the

system model and is called "modal destabilization" (N4S). In this tech-

nique the gains of the filter are constrained so that

Re(Si) > -a, i = 1,2 ......... n (20)

where Re(Si) indicates the "real" part of (Si), S,... ,Sn are the eigen-
I1

values of the filter, i.e., the roots of equation (9), and a is a speci-

fied positive number.

The original system model is destabilized in accordance with equation

(21), where F' is the destabilized matrix formed, E is the destabili-

zation matrix (diagonal), and T is the modal transformation matrix

(eigenvector matrix). The matrix F' is used to calculate the suboptimal

gains of the filter.

F' = F + TET 1  (21)

This MOS approach prevents the divergence of the steady-state Kalman

Filter in a system with UNS model while causing only a slight reduction

in the estimation accuracy.

19



III. DYNAMIC AND MEASUREMENT SYSTEM MODELS

A. REFERENCE AXIS SYSTEM

The Reference Axis System of a missile is centered at its center of

gravity (c.g.) and fixed on the missile body as follows:

X axis, the roll axis, forward from the c.g. along the axis of
symmetry.

Y axis, the pitch axis, outward to the right from the c.g. when
viewing the missile from behind.

Z axis, the yaw axis, downward from the c.g. in the plane of sym-
metry to form a right-handed orthogonal system with the
other two.

Appendix A lists the symbols defining quantities associated with the

4 missile illustrated in Figure 4 below such as forces and moments, linear

and angular velocities, and moments of inertia.

iP

SZw Relative Wind

Figure 4. Reference Axis System

20
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B. MISSILE EQUATIONS OF MOTION

The equations of motion used to represent the missile dynamics used

in this study are well defined in [Ref. 8]. A linear dynamical model of

the missile based on the rigid body approximation is appropriate.

1. Longitudinal Motion

The longitudinal motions of a missile can be modeled by a fifth-

order system of equation (22), where the state variables are u, velocity

along the X axis, w, velocity along the Z axis, q, pitch rate, 8, pitch

angle and h, altitude. The units are: u and w in 10 ft/s, q in 0.01

rad/s, 8 in 0.01 rad, and h in 100 ft.

u Xu Xw 0 -g 0 u

w Zu Zw v 0 0 w

= Mu+MfZu Mw"I'Zw Mq+MwV 0 0 q (22)

C 0 1 0 0 a

Lh L0 -0.1 0 V 0 h

2. Lateral Motion

The lateral motions of a missile are modeled by the fifth-order

system given by equation (23). where the state variables are: 0, sideslip

angle, r, yaw rate, p, roll rate, *, roll angle, and *, heading angle.

The units are: F in rad, r in rad/s, p in rad/s, 0 in rad, and to in rad.

21



Yv -1 0 g/V 01

N' Nr N1 0 0 rrV

p L=L L' 0 0 p (3r p(23)

0 0 1 0 0

0 1 0 0 0

C. MODEL DYNAMICS

The aerodynamic data used in this paper appears in Appendix B.

Except for the addition of system and measurement noise parameters for

the distance input, the models and noise dynamics are the same as those

of (Ref. 3].

1. Longitudinal Motion Estimation

The main disturbance inputs are the two wind velocities ug and w 9.

Under certain flight conditions, the turbulance represented by the fluc-

j tuating parts of ug and wg are colored noise. They are modeled by first-

order shaping filters with white gaussian noise inputs as shown in

equation (10). The linear model that results is given by equation (24)

[Ref. 4].

-0.413 0 U 0.413 0 P(

Il -- I + (24)

Wg 0 -0.853 0 0.853 Pw

22



The numerical data for the longitudinal dimensional derivatives

was used in equation (22). The resultant model is represented by equa-

tion (25) which corresponds to the state vector augmentation of equation

(11). Scaling is done with u, w, Ug, and Wg in units of 10 ft/s, q in

units of 0.01 rad/s, 6 in units of 0.01 rad, and h in units of 100 ft.

u -0.015 0.004 0 -0.0322 0 -0.015 0.004 u

w -0.074 -0.806 0.824 0 0 -0.074 -0.806 w

q -0.749 -10.7 -1.344 0 0 -0.749 -10.7 q

6 = 0 0 1 0 0 0 0 6

0 -0.1 0 0.0824 0 0 0 h

ug 0 0 0 0 0 -0.413 0 Ug

Wg 0 0 0 0 0 0 -0.8 53  w

0 0

0 0

+ 0 0 PU (25)

0 0 LPWJ

0.413 0

0 0.853

The measurement model shown by equation (26) assumes a rate gyro

in order to measure zq and a barometric altimeter to measure zh.

23



u

w

0 1 0 0 0 0
q + 1 ] ] ] (26)

h 0 0 0 h h

Ug
Wg
6w

2. Lateral Motion Estimation

The main disturbance input is the lateral wind v. The turbulence

represented by the fluctuating part of v is the colored noise, which is

also modeled as a first-order shaping filter with white gaussian noise

input as given by equation (10). The resulting shaping filter taken from

[Ref. 31 is given by equation (27).

g = -0.853p 1 + 0.853p (27)

where g = Vg/V.

The numerical data for the lateral dimensional derivatives was

applied in equation (23) to obtain equation (28), which corresponds to

the state vector augmentation of equation (11).

-0.0868 -1 0 0.03907 0 -0.0868 13 0

r2.14 -0.228 -0.0204 0 0 2.14 r 0

p -4.41 0.334 -1.181 0 0 -4.41 p 0
+. P

0 0 1 0 0 0 0

4'0 10 0 0 -0.3 0
0 0 0 0 0 -0.853 0.853

(28)

24
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The masurement model given by equation (29) below represents the case

where the measurement z is taken with a roll-rate gyro and the measure-

ment z obtained from a magnetic compas4.

r

] + [ (29)

z 0 0 0 0 1 0

25



IV. ANALYSIS

A. SIMULATION

The Sensitivity Covariance Program developed for application in the

work of [Ref. 4] was used to solve the error sensitivity equations of

equation (18). The program was originally developed to handle a set of

105 linear differential equations for the longitudinal case and 78 for

the lateral. The program was revised to accommodate 136 linear differ-

ential equations in the longitudinal case and 101 in the lateral, to

allow for an additional state augmentation (i.e., the distance measure-

ment to the longitudinal model). The outputs of these programs are the

time matrices and rms estimate errors, the square roots of the diagonal

"elements of the P matrices. The OPTSYS program, the use of which is

described by [Ref. 9] and amplified by [Ref. 10], was applied to calcu-

late the Kalman Filter gains to be inserted into the Sensitivity Covar-

i&nce Program to find the estimate errors for specific system parameter

perturbations. The OPTSYS program was also used to destabilize the

systems that contained UNS modes in an attempt to eliminate filter

divergence. Copies of the OPTSYS ard the Sensitivity Covariance programs

follow under COMPUTER PROGRAMS, while a copy of [Ref. 10] appears in

Appendix C.

B. RESULTS

As the problem is introduced, the results are presented in three

parts: (1) to verify the findings of [Ref. 3] and [Ref. 4] with the

correct implementation of the dynamics in the filter parameters, (2) to

26



reproduce the findings of (Ref. 4] for the longitudinal motion estimator

with incorrect implementation of the dynamics in the Kalman Filter, and

(3) to conduct a sensitivity analysis of the longitudinal motion esti-

mator after adding a distance measurement and associated system and

measurement noise parameters to the model dynamics.

1. Motion Estimation Analysis for Exact Dynamics

The OPTSYS program was used with input data representing the

actual system dynamics for both the longitudinal and lateral cases to

obtain the following results which are the same as those of [Ref. 4] and

essentially the same as those of [Ref. 3].

a. Longitudinal Case

filter-gain matrix K filter eigenvalues

0.059 0.060 -0.310 + jO.411

0.264 -0.161 -0.429

3.517 0.040 -0.178

0.001 -0.080 -0.261

-0.011 0.035 -0.063 + jO.0743

-1.288 0.128

rrs estimate errors

u 2.090 ft/s 8 = 0.317 deg

w = 5.102 ft/s h 8 8.245 ft

q 0.416 degis Ug = 4.776 ft/s

Wg = 5.701 ft/s

27
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b. Lateral Case

filter gain matrix K filter eigenvalues

0.051 -0.967 -2.350 + j2.594

-1.536 0.411 -0.624 + jO.492

2.695 -0.004 -0.00125

0.386 -0.789 0.0

-0.005 0.906

"-1.713 0.655

rms estimate errors

v =3.329 ft/s

r = 0.244 deg/s

p = 0.377 deg/s

*= 0.222 deg

4'= 0.214 deg

V P= 5.506 ft/s

2. Longitudinal Motion Estimation Analysis

The OPTSYS program was used to compute a new K* matrix as each

parameter of the F matrix was individually numerically varied. The

Sensitivity Covariance Program was then executed utilizing each new K*

and F* matrix pair to determine the rms errors for each individual per-

turbation.

The results are shown in Tables 1-8 and are identical to those of

[Ref. 4]. The true values for the unperturbed system dynamics parameters

are indicated in the tables by an asterisk. A discussion of the results

fol lows:

28
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X u The dimensional variation of the X force with forward speed u

has a nominal value of -0.015. This quantity was varied in a

range of t20%. The behavicr of the ruts estimate errors can be

seen in Table 1. The tabulation shows that the numerical
variation of the X uderivative does not cause significant

changes in the nominal values of the ruts estimate errors of the
states w, q, 0, Ug) and wg9' The states u and hi appear to be

slightly effected, but not enough to be of importance.

X.W The dimensional variation of the X force with downward speed w
has a nominal value of 0.004. Again, a numerical variation in

a range of ±20% was conducted. The behavior of the ruts errors
is demonstrated by Table 2. Comparing these values with the

nominal ones reveals that changes in the XK derivative have

essentially no effect on the states w, q, 8,i Lug and wg, while

the states u and h show changes too small to consider important.

Z U, The dimensional variation of the Z force caused by a change in
the forward speed u has a nominal value of -0.074. The design

value was altered in a range of ±20% with the results shown in

Table 3. Evaluation of this data indicates that all the ruts

errors show some sensitivity except for that of q. The most

significant changes occur in the uBand h states. The large
variation in u can be important in terms of the accuracy in

radial position.

z"The dimensional variation of the Z force with downward speed w
has a nominal value of -0.806. The results for this case with
changes in ZWover a range of ±20% follow in Table 4. They

show that all the~ rms estimate errors are quite sensitive and

any variation of Z w beyond ±2% can be considered critical and

unacceptable.
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TABLE 1. RMS ESTIMATE ERRORS FOR LONGITUDINAL MOTION ESTIMATOR

WITH VARIATION IN Xu DERIVATIVE

x q 9

ft/s ft/s deg/s deg ft ft/s ft/s
-0.018 2.096 5. 102 0.416 0.317 8.248 4.776 5.701

-0.0165 2.094 5.102 0.416 0.317 8.246 4.776 5.701

-0.01575 2.094 5.102 0.416 0.317 8.246 4.776 5.701
-0.01575 2.091 5.102 0.416 0.317 8.240 4.776 5.701

-0.015 * 2.090 5.102 0.416 0.317 8.245 4.776 5.701

-0.01425 2.088 5.103 0.416 0.317 8.260 4.775 5.701

-0.0135 2.089 5.103 0.416 0.317 8.280 4.775 5.701

-0.012 2.092 5.103 0.416 0.317 8.340 4.775 5.701

TABLE 2. RMS ESTIMATE ERRORS FOR LONGITUDINAL MOTION ESTIMATOR
WITH VARIATION IN X DERIVATIVE

w g 9g
ft/s ft/s deg/s deg ft ft/s ft/s

0.0048 2.070 5.102 0.416 0.317 8.319 4.776 5.701

0.0044 2.080 5.102 0.416 0.317 8.282 4.776 5.701

0.0042 2.086 5.102 0.416 0.317 8.257 4.776 5.701

0.004 2.090 5.102 0.416 0.317 8.245 4.776 5.701

0.0038 2.100 5.102 0.416 0.317 8.223 4.776 5.701

0.0036 2.103 5.102 0.416 0.316 8.215 4.776 5.701

0.0032 2.110 5.101 0.416 0.316 8.180 4.776 5.701

30
:i

_i



TABLE 3. RMS ESTIMATE ERRORS FOR LONGITUDINAL MOTION ESTIMATOR
WITH VARIATION IN Z DERIVATIVE

U

zu u q 9 9 g;
ft/s t/s deg/s deg ft ft/s ft/s

-0.0888 1.885 5.106 0.416 0.322 9.310 4.776 5.707

-0.0814 1.974 5.104 0.416 0.319 8.808 4.775 5.703

-0.0777 2.026 5.194 0.416 0.318 8.579 4.775 5.702

-0.740 * 2.090 5.102 0.416 0.317 8.245 4.776 5.701

-0.0703 2.122 5.100 0.416 0.315 7.800 4.777 5.700

-0.0666 2.270 5.095 0.416 0.313 7.101 4.777 5.697

-0.0592 2.32 5.094 0.416 0.311 7.000 4.778 5.695

TABLE 4. RMS ESTIMATE ERRORS FOR LONGITUDINAL MOTION ESTIMATOR
WITH VARIATION IN Zw DERIVATIVE

z w u Ug Wg

ft/s ft/s deg/s deg ft ft/s ft/s

-0.9612 30.08 6.172 0.486 0.440 17.97 4.778 7.138

-0.8866 11.80 5.810 0.428 0.415 33.50 4.785 5.957

-0.8463 5.345 5.259 0.421 0.400 22.776 4.779 5.737

-0.806 * 2.090 5.102 0.416 0.317 8.245 4.776 5.701

-0.7657 2.668 5.032 0.412 0.219 16.903 4.772 5.710

-0.7256 3.188 5.035 0.407 0.200 21.026 4.760 5.746

-0.665 3.260 5.065 0.406 0.185 23.000 4.767 5.794
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Mu. The dimensional variation of the M moment caused by a change in
the forward speed u has a nominal value of -0.000786. From

Table 5, one notes that the rms errors for tha states q, Ug,
and W; are not effected by a variation in Mu of ±20%, but

significant changes are seen when Mu is varied more than ±10%

in the errors of states u, w, 8, and h.

Mw. The dimensional variation of the M moment with speed w has a

nominal value of -0.0111. The results of a numerical variation
in a range of ±lO% can be seen in Table 6. Since any alter-

ation in the true value of Mw has a strong effect on al'; the

rms estimate errors, this derivative can be considered the most

critical in the longitudinal motion estimation case.

lMo The dimensional variation of the pitching moment with pitch

rate q has a nominal value of -0.924. The results of Table 7

on the rms estimate errors for a ±20% change in Mq show that

the sensitivity to variations in this parameter is minimal for

all states.

M;, The dimensional variation of the pitching moment with the rate

of change of the downward speed w has a nominal value of
-0.00051. Table 8 contains the rms errors data obtained by

.iitering M% ±20% from its nominal value. All the errors show a

legree of sensitivity and the variation of errors is signifi-

cant when MN is changed by more than ±2%.w

Since plots of the rms estimate errors versus changes in the

particular dimensional derivatives for data identical to that of Tables

1-8 appears in [Ref. 4] in Figures 35-40, they will not be repeated in

this work. A summary of the relative sensitivity of the rms estimate

errors to changes in the individual dimensional derivatives follows in

Table 9.
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TABLE 5. RMS ESTIMATE ERRORS FOR LONGITUDINAL MOTION ESTIMATOR
WITH VARIATION IN Mu DERIVATIVE

Uu

M u w g wg
ft/s ft/s degls deg ft ft/s ft/s

-0.000943 2.234 5.061 0.416 0.305 61230 4.775 5.689

-0.000865 2.115 5.089 0.416 0.110 6.640 4.775 5.695

-0.000825 2.104 5.094 0.416 0.314 7.531 4.776 5.698

-0.000786* 2.090 5.102 0.416 0.317 8.245 4.776 5.701

-0.000747 1,993 5.105 0.416 0.318 8.595 4.777 5.703

-0.000707 1.866 5.108 0.416 0.319 8.832 4.779 5.705

-0.000629 1.566 5.111 0.416 0.322 9.178 4.783 5.708

TABLE 6. RMS ESTIMATE ERRORS FOR LONGITUDINAL MOTION ESTIMATOR
WITH VARIATION IN M. DERIVATIVE

Mwu w q Ii Ug

ft/s ft/s deg/s deg ft ft/s ft/s

-0.01165 18.43 8.350 0.502 0.455 29.870 4.778 5.695

-0.0113 5.163 5.142 0.433 0.373 17.790 4.778 5.694

-0.0112 3.110 5.113 0.418 0.321 10.427 4.777 5.699

-0.0111 * 2.090 51.102 0.416 0.317 8.245 4.776 5.701

-0.0109 5.206 5.018 0.419 0.325 16.650 4.776 5.700

-0.01055 13.652 5.342 0.447 0.430 12.204 4.776 5.918

-0.00999 19.13 18.95 0-475 0.704 68.98 4.756 6.102
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TABLE 7. RMS ESTIMATE ERRORS FOR LONGITUDINAL MOTION ESTIMATOR
WITH VARIATION IN Mq DERIVATIVE

q ft/s ft/s deg/s deg ft ft/s ft/s

-1.109 2.091 5.102 0.416 0.316 8.230 4.776 5.701

-1.016 2.091 5.102 0.416 0.316 8.234 4.776 5.701

-0.970 2.091 5.102 0.416 0.317 8.236 4.776 5.701

-0.924 * 2.090 5.102 0.416 0.317 8.245 4.776 5.701

-0.880 2.090 5.102 0.416 0.316 8.244 4.776 5.701

-0.832 2.089 5.102 0.416 0.316 8.236 4.776 5.701

-0.7392 2.089 5.102 0.416 0.316 8.232 4.776 5.701

TABLE 8. RMS ESTIMATE ERRORS FOR LONGITUDINAL MOTION ESTIMATOR
WITH VARIATION IN M% DERIVATIVE

w

ft/s ft/s deg/s deg ft ft/s ft/s

-0.00061 2.610 5.053 0.417 0.273 10.665 4.775 5.688

-0.00056 2.476 5.089 0.417 0.295 6.301 4.776 5.703

-0.00053 2.398 5.091 0.417 0.304 4.150 4.776 5.698

-0.00051* 2.090 5.102 0.416 0.317 8.245 4.776 5.701

-0.00049 2.491 5.108 0.416 0.322 9.757 4.776 5.702

-0.00046 2.976 5.118 0.415 0.332 12.067 4.776 5.703

-0.00041 3.570 5.124 0.415 0.340 13.536 4.776 5.703
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TABLE 9. RELATIVE SENSITIVITY OF THE RMS ESTIMATE ERRORS
TO CHANGES IN DERIVATIVES

DERIVATIVE NS RS VS

X u x

z X

z Z

Mu

M w

MW

I
NS = Not sensitive

RS = Relatively sensitive

VS = Very sensitive
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3. Analysis of Longitudinal Motion Estimation After AuMntation

Including the distance measurement to the system required state

augmentation cf the system and measurement models as demonstrated by

equations (30) and (31) that follow:

-0.015 0.004 0 -0.0322 0 -0.015 0.004 0 u

w -0.074 - 0.806 0.824 0 0 -0.074 - 0.806 0 wI

q -0.749 -10.7 -1.344 0 0 -0.749 -10.7 0 q

8 0 0 i.0 0 0 0 0 0 8

h 0 - 0.1 0 0.824 0 0 0 0 h

ug 0 0 0 0 0 -0.413 0 0 ug

Wg 0 0 0 0 0 0 -0.853 0 Wg

d 1.0 0 0 0 0 0 0 0 d

0 0 0

0 0 0

0 0 0

0 0 0 ru1

+ 0 0 0 PW (30)

0.413 0 0 [Pd]

0 0.853 0

0 0 1.0
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and

U

w

zh = 0 0 0 1 0 0 F ÷ 1 vh (31)
z a 0 0 0 0 0 0 0 1 h 0 0 1j Vd

Uig

wg

LdJ

In these equations the state variables are u, velocity along the X axis,

w, velocity along the Z axis, q, pitch rate, 8, pitch angle, h, altitude

and d, distance traveled along the X axis. The units are: u and w in

10 ft/s, q in 0.01 rad/s, e in 0.01 rad, h in 100 ft, and d in 10 ft.

The OPTSYS program, when executed with the data from equations

(30) and (31) above and the standard deviation values from Appendix B,

yielded the following:

filter gain matrix K

0.0592 0.0570 0.0014

0.2646 -0.1611 -0.0007

3.5168 0.0404 0.0002

0.0011 -0.0810 -0.0007

0.0135 0.1353 0.0001

-0.0114 0.0356 -0.0002

-1.2876 0.1283 0.0005

0.0469 0.0561 1.0014
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filter eiqenvalues

-3.103 ± 4.1103

-I. CO0

-0.4146

-0.3152

-0.0485 t 0.0548

-0.0551

rms estimate errors

u = 2.090 ft/s 8 = 0.316 deg

w = 5.i02 ft/s h = 8.225 ft

q = 0.416 deg/s Ug = 4.776 ft/s

;g = 5.701 ft/s d = 38.730 ft

The next step in the analysis was to perturb each directional

derivative independently by specific amounts from its nominal value and

to observe the effect on the rms estimate errors. This process was

carried out for all eight directional derivatives and the response was

the same for each case -- even a slight perturbation of -0.1% of any

directional derivative from its nominal value caused the rms estimate

errors to increase without bouna. This behavior indicated that any

incorrect implementation of dynamics in the new system formed by the

augmentation of the distance measurement would cause i stability and the

Kalman Filter to diverge.

Several system parameters were individually modified and the

analysis repeated in hopes of finding a stable system for which the
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Kalman Filter converged. The coefficient for the distance term in the

process noise distribution matrix was varied from 0.01-5.0, the power

spectral density process noise entry for distance was changed in a range

of 1.105-30.0, and the distance term for the power spectral density

measure'x..t noise adjusted over a range of 0.03-30.0. None of these

trials led to a stable system.

A modal analysis was also performed using the open loop eigen-

values from the OPTSYS output listing. The system of equations (30) and

(31) when transformed into modal coordinates give equations (32) and (33)

below:

0E 000 0 0 0 0

Id 0 0 -107 0 0 0 0 0 t

ts 00 1.76 2.957 0 0 0 0 s

Is2 = 0 0 2.957 -1.076 0 0 0 0 s

IPl 0 0 0 0 -0.006 0.024 0 0 EP1

p2 0 0 0 0 0.024 -0.006 00 p

tu9 0 0 0 0 0 0 -0.413 0 tu 9

tw0 0 0 0 0 0 0 -0.853 t

0 0.1 0

-1.0 0 1.0

-0.028 -0.088 0

-0.110 -3.153 0 U+. i (32)
1.027 -0.048 0

-0.210 1.467 0 Pdi

0.420 0 0
-0 1.836 0j
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td

0 0 1. 0 -0.0001 0.0005 0.0548 0.4802

iz = .0 0 0.0016 0.0016 -0.0156 -0.0612 0.0082 -0.0025 + •s2

z,0 1.0 -0.0008 -0.0004 1.0 0 -0.0657 -0.0252

tp2
Sr•Ug

1 0 0 V _ t

o 1 0 v h (33)

J 1 j

Consistent with the discussion in [Ref. 3], inspection of equa-

tion (32) revealed that the energy mode CE and the distance mode Ed' were

neutrally stable (i~e., eigenvalues =0). Inspection of equation (33)

showed that tE was unobservable with z and z and that Ed was unobserv-

able with zq and zh. Equation (32) also disclosed that •E was undis-

turbed by Ug and d, and that ýd was undisturbed by Wg. Tnerefore, de-

stabilization was conducted in an attempt to prevent filter divergence.

Both total and modal destabilization described earlier in this work and

in [Ref. 3] were performed in amounts of 0.040 and 1.0 using the OPTSYS

program. The filter gains computed for the destabilized system were then

executed in the Sensitivity Covariance Program with each of the modified

parameter combinations discussed earlier. Without exception, the rms

estimation errors increased without bound when the least sensitive dimen-

sional derivative X was perturbed by as little as ±1%.
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V. CONCLUSIONS AND RECOMMENDATIONS

A. COiCLU$IONS

The conclusions reached were based on the results obtained and will

therefore be presented in three parts.

1. Motion Estimation Analysis for Exact Dynamics

The data in the results is in agreement with that of both

[Ref. 3] and [Ref. 4]. It shows that both the Kalman Filters for initial

longitudinal and lateral cases are stable when the true values for the

system dynamics are implemented.

2. Longitudinal Motion Estimation Analysis

The results from Tables 1-8 and summarized in Table 9 are con-

sistent with those of [Ref. 4]. The stability derivatives Zw and MW

cause the strongest changes in the rms estimate errors when they are

varied. Basically, Zw and Mw must be quite accurately reproduced in the

filter to prevent divergence. Changes in the stability derivatives Zu,

MUD and M.; reflect intermediate variations in nearly all the rms estimate

errors. For the model considered a tolerance of more than ±5% affects

the accuracy in the radial position since large variations in u occur. A

tollerance of perhaps ±20% can be accepted in the dimensional derivatives

Xu, Xw, and Mq for tnis model since no important effect is noted in the

,ms errors over that range.

3. Analysis of Longitudinal Motion Estimation After Augmentation

"From the results presented earlier for the new system model fomed

by the augmentation of a distance measurement and associated process and
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measurement noise parameters, it is apparen' that the corresponding

Kalman Filter will diverge for even a slight variation in any of the

dimensional derivatives from their nominal values. Even the Kalman

Filter developed by system destabilization proved to be unstable with the

parameters used.

B. RECOMMENDAIIONS

Further analysis of the augmented system including the distance or

position estimation is desirable. Perhaps a more in-depth study of the

measurement parameter scaling would enable the development of a stable

Kalman Filter for at least a destabilized system.
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VI. SUMMARY

The sensitivity analyses performed in this work have revealed the

importance of accuracy in determining system dynamics utilized in formu-

lating the model for the Kalman Filter. The relative sensitivity of the

rms estimation errors to variance in each of the particular dimensional

derivatives is shown in Table 9 for the Longitudinal Motion Estimator.

The longitudinal system augmented with the distance measurement

developed appears to be extremely sensitive to variations in all the

dimensional derivatives. Further analysis of the model developed is

suggested.
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APPENDIX A

LIST OF SYMBOLS

Regular Symbols Definition

A Modal transformation of F matrix
B Modal transformation of F matrix

C Modal transformation of H matrix

D Dutch roll mode
d Distance traveled along the X axis

E Destabilization matrix
F System dynamics matrix

f Subscript for filter
F' Destabilized matrix

g Subscript for wind speed
H Measurement matrix

H Heading Mode

h Altitude
INS Inertial Navigation System
K Kalman Filter gain matrix

L Rolling moment (about X axis)

M Pitching moment (about Y axis)
MDS Modal destabilization

N Yawing moment (about Z axis)
n Non-white gaussian noise

P Covariance propagation of the estimate
error matrix

P Perturbed roll rate
Q Covariance matrix of w

q Perturbed pitch rate
R Covariance matrix of v

r Perturbed yaw rate
S Spiral mode
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Regular Symbols Definition
SKF Steady-State Kalman Filter

T Transformation matrix

UNS Undisturbed neutrally stable

u Perturbed forward speed (along X axis)

V Forward velocity

v Perturbed side velocity

w Driving white gaussian noise

w 9 Perturbed downward velocity

X Reference axis

x State vector of the system

x State estimate vector

x Estimate error vector
Y Reference axis

z Measurement vector

Z Reference Axis

Greek Symbols Definition

* Heading angle

0 Perturbed pitch attitude angle

* Perturbed bank (roll) angle

. Sideslip angle

r Driving noise matrix

a Eigenvalue constrain

a Standard deviation

t Transformed state vector

T Time
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APPENDIX B

AERODYNAMIC DATA AND PROBABILISTIC INFORMATION

v = 820 ft/s

1. Longitudinal Model

a. Dimensional Derivatives

Xu = 0.015 1/s

Xw = 0.004 l/s

Zu = -0.074 1/s
Zw = -0.0806 1/s

Mu = -0.0786 I/s-ft

MW = -0.0111 1/s-ft

Mq = -0.924 l/s-rad

Mw = -0.00051 1/ft

b. Distrubance Noise Standard Deviation

a = aw = 1.105 1/s (10 ft/s)2

C x = 30.0 1/s (10 ft/s) 2

(7 ft/s rms gust with a 930-ft correlation distance).

c. Observation Noise Standard Deviation

a q = 0.15 s (0.01 rad/s) 2

a h = 0.05 s (100 ft) 2

ad = 30.0 s (10 ft)2
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2. Lateral Models

a. Dimensional Derivatives

Yv = -0.0868 1/s

N4 = 2.14 1/s

Nr' = -0.228 1/s

N' = -0.0204 1/s

L' = -4.41 1/s2

L' = 0.334 1/sr

L' = -1.181 1/s

b. Disturbance Noise Standard Deviation

a = 1.63 x 10- 4 1/s

(7 ft/s rms gust with a 930-ft correlation distance)

c. Observation Noise Standard Deviation

Ip = 1.5 x 10- s

= = 1.5 x 10 1/s
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APPENDIX C

AN AID TO USING OPTSYS AT NPS

I. INTRODUCTION

One of the tasks involved in my thesis work at the Naval Postgraduate

School (NPS) was to verify some of the data of reference [1] which in-

vesOigated the sensitivity of the Steady-State Kalman Filters as lateral

and longitudinal estimators in Strapdown Inertial Navigation Systems

(INS). One of the recurring, essential calculations was for the steady-

state gains of each system model considered. Fortunately, the OPTSYS

computer program was available in Fortran at the computer center to help

perform this enormous job. The use of the OPTSYS program was covered by

reference [2], but not in adequate detail for easy application. After

much trial-and-error, frustration, attempted decoding with the assistance

of the computer center staff, and prayer, and at the expense of many

min-hours of time, our Lord enabled me to properly fill out and order the

data cards for a particular modeled system and obtain the expected

results upon execution of the program. Since Professor Collins has

several other students in need of a users working knowledge of the OPTSYS

program end anyone using Kalman Filters can benefit as well, I am writing

a more detailed description of how to correctly input data by discussing

a specific example. The intent of this paper is to supplement the

guidance of reference [2J and further facilitate research at NPS.
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I
II. MODEL AND ESTIMATION

Consider the linear time-invariant system given by

X= rX + rw

z Hx + v

where x represents the states of the system; z is the measurement vector;

F is the system matrix; r is the driving noise coefficient matrix; H is

the measurement scaling matrix; and w and v are independent, zero-mean,

white gaussian noise processes with covariance matrices Q and R,

respectively.

A continuous time Kalman Filter for this system is described by

Ax = FR + K(z - HA)

where x is the state estimate and K is the matrix of the steady-state

gains of the Kalman Filter, The implementation of the System Model and

the Kalman Filter are shown below in Figure C-i [Ref. 1].
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MATHEMATICAL MODEL

SYSTEM MEASUREMENT KALMAN FILTER

Iv

r 
I,

II

F F

Figure C-1. System Model and Kalman Filter
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III. AN EXAMPLE OF LONGITUDINAL MOTION ESTIMATION

After state vector augmentation, the resultant model of longitudinal

motion of an aircraft of the form " = Fx + rw is

-0.015 0.004 0 -0.0322 0 -0.015 0.004 u

-0.074 -0.806 0.824 0 0 -0.074 -0.806 w

q -0.749 -10.7 -1.344 0 0 -0.749 -10.7 q

e = 0 0 1 1 0 0 0 8

h 0 -0.1 0 0.0824 0 0 0 h

Ug 0 0 0 0 0 -0,413 0 ug

Wg 0 0 0 0 0 0 -0.853 Wg

m0 0

0 0

0 0
r0 0

+ 0 0 [z:]U
0 0

0.413 0

LO 0.853

"where the units are scaled such that u, w, Ug, and Wg must be multiplied

by 10 to give feet per second, q by 0.01 to give radians per second, 8 by

0.01 to give radians, and h by 100 to give units of feet [Ref. 11.
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The corresponding measurement model ia the form z Hx + Iv is given

by

w

= e + (26 )[qJ 0 1 0 0 0 oj0 q (26

0 0 0 1 0 h1 [
Ug

Wgj

For this model Q = O• 1.105 (10 ft/s) 2 /s, R = 0.15 (0.01 rad/s) 2 and

Rh = 0.05 (100 ft)2 s (Ref. 3].
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IV. APPLYING OPTSYS TO THE EXAMPLE

The essential input data that will enable OPTSYS to calculate the

steady-state gains of the Kalman Filter and many other parameters out-

lined in [Ref. 2] follows on page 55. The input data and control cards

are described in the paragraphs below.

Card 1 - The 17 entries in every other column from column 2 through

column 34 essentially tell OPTSYS what to compute. See [Ref. 2] for more

details.

Card 2 - The 5 entries in every third column from 3 through 15 de-

scribe the system being mudeled to OPTSYS. The first entry tells the

number of states or order of the system-7 since there are seven rows in

the F matrix. The second entry gives the number of controls-O since u=0.

The third entry tells that we have 2 measurements, while the fourth entry

shows that two process noise sources exist. The fifth entry is always

zero when filter synthesis is done. See [Ref. 2] if regulator synthesis

only is desired.

Cards 3-16 - These cards contain the F matrix. The first six entries

of each row go on one card with 12 columns for each entry-l-12, 13-24,

60-72. The seventh entry for each row is placed in columns 1-12 of

a continuation c:rd that immediately follows the card with the first six

entries of the row. Note that if our example system were 6x6, the F

matrix would only take up cards 3-8.
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The next three cards, 17-19 in our example, contain the H matrix.

Note that this matrix is also entered on the cards by rows, but consecu-

tively with an entry in every 12 columns with 6 entries per card as long

as unused row elements remain! Thus the first entry of row 2 of the H

matrix appears in columns 13-24 of card 18.

The next three cards, 20-22, hold the r matrix. This matrix is also

entered consecutively by rows with an entry in the first 14 groups of 12

columns on the cards!

The next to the last card gives the Q matrix. Note that this card

has only the diagonal terms of the matrix in columns 1-12 and 13-24. See

(Ref. 2] for matrices with non-diagonal terms.

The last card is for the R matrix and also has diagonal entries in

columns 1-12 and 13-24. Again refer to [Ref. 2] if non-diagonal terms

exist.

This supplement will be effective until the OPTSYS program is

re-coded in WATFIV language. Its usage sho'ild greatly improve the

efficienty and morale of those using the OPTSYS program on file at NPS

Computer Center.
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00001100000010030
-7 0 2 2 0

-0.015 0.004 0.0 -0.0322 0.0 -0.015

0.004
-0.074 -0.806 0.824 0.0 .0 -0.074

-0.806
-0.749 -1.07 EO1 -1.344 .0 .0 -0.749

-1.07 EO1
.0 .0 1.0 .0 .0 .0

.0

.0 -0.1 .0 0.0824 .0 .0

.0

.0 .0 .0 .0 .0 -0.413

.0

.0 .0 .0 .0 .0 .0

-0.853
.0 .0 1.0 .0 .0 .0

.0 .0 .0 .0 .0 1.0

.0 .0

.0 .0 .0 .0 .0 .0

.0 .0 .0 .0 0.413 .0

.0 0.853
1.105 1.105

0.15 0.05
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COMPUTER OUTPUTS

C/OPTSYS1 30 (IQ80,0417),'POTT!3 G.G.'
C/ EKEC FCRTCLG
C/sYST?* Dc

IM?1ICIT RIAL*S(A-H 10-Z
DINENSIO. ACLJ16 16f, (b.9BA(M16 161 *CI (16) CR416) .g"16. 16)"ew- T16) CVR11 *bec (o 16. ffBGE (q181 - ( 16

CPFD 115.161 *Cdc.Sysc1¶ 6 ;a (34.11(32) . 1k'1 16f$W 16,16.16 , X(. JZ . R16 1g RO B1bD(3) 2(52),,.M(32,32),

9(9j8i ABA.•(16•)Ng RM6 16161 . ROI(16 16 iD6Rn&g(161 , s.3I¶.1)2 L '(6,),L'9k812V[s,6D(fB,~S
8
),D 0RE( *1_|

.CC (), (1 ,GI (3 ), GV(32,61,
E66iVALE;CE (W I 1(1, 1) *GU(11 1)), (W11(1 1)IGV (01.,1 1

.46w21(t1) .1 (1 )) (W• V I( 1 1 4.g 1.1, T 2|)3rF F ,
CO. -oij /fROa/ IOL. N.ýLIl.•,r•I2I21F)IDWIt

IDSTAE.IDV1EBUG.IST. I'EbifiSDiTUIN0R8
DATA STAR/''/4 FOR?!A'1 0 OL I,4OI1012 -

10 REV 4E.10)IL ISS, IM,.ITFl. ITF2, IT? 3, IFDFUI E.
,1S §S I E•G. SET, EPSD 1YU, 10 h

HEA D, . MS. No' B. N G. E?
7432 FO•RMT 5131

wal RIE(6,MOO) .4S NC O, 0.1N
"000 POMAT.('l'..2! e'OiDEA O SYSTEM 1 1 13 // 21 I.U1BEP OP CONTROLS -'

0 13 2X HN R OF 5p dEROATiOi S g'I3.// 2X,
N2 *,BS nil 6 PROCESS NOISE SOURCES ',j3,//%N2- 2• US
CAL L INZ•NE (1Ms, C NO, Ma 1•2 , ACL..8,3A.CN.COCU1 cvq, 3. CD CGC. BGE,

OG.GArNGR GNwHO.01 D" 1R26 iA RC j SC .P WI.W iWUi.;,
CC GAN~GP CU H~I 1

1 :IAJL;: REt.kf A.acccp.&.vn~orVA0SM'WRORMI DISTiBe4AeB ,a cc, R6,•,•.C• :GV.G~HYH9,
0 DSTOf!tI

99 READ(5.5 END-100) STA
5 FORM AT(AlI F4W-TA.-.STA) OTO 101

GO O 99
100 STOP

END
S[FOOT)INE SETUP (HA ,G. GAM, 115, NCMGI
RETURN
END
SUSFOUTINE

r" XN Eh h" 5 
NC1 NO NGN2 ACL .B A CI CR C CWI CWR.D, FBGC,.?5tE,

SJ JAM, G311 f 04 D 1 4 Of lR6Q. dv. ii i .r•aR9 MhWlOM1. DVSTIE,IA, •..JFP!A,AI.B§.CCCV,.44G1.HT.NH3.
0 'DSTO- 

EH)

IMPLICIT 3!AL-S A-H O-Z)
DI!II'NSION ACL N N (NC. NCIRSNSCI(NS) . .. C(NS, NS),mcwl (Ns fcwRTNS F~.RC ( NýNS| ,vvG (ft• G(4s, I RGM(04NS

c pR (NS,IS). I C(O, NO) ZC (,is. SI( R NRN2( .51•NS MS),W21411S,m S)X(;,K A NI) r .5ST ,5O1O.3) ki(wI.2 2.RM(
mgwý 2)I NG, ý-G) a (4O 6C ,A~h 6(N.N) W .4OR'A NSN| OF. WS:• • ,D.STA | NS~1 A (SN 5 MI SN ,I•' t O •,c ) F.M" {2, k-80,N

v I I. | §, P .U0A ( (NC 2

: .nST6 -(N.- S)
rRAG/ :OL4 N!Qt: R. ISStI! I1 ITP2,ITFI,IFDPW.IE,

A" 1tSTAD, ID0BUG, ISL., E13 .IPSD. :tu. I'bRO
FEALSO 7'IT(20)
NSQr - NS

C
C1trOUTPUT OPTInNS
C---ICL.1 IF THE OPEN LOOP EIG£,NSYSTEM IS DESIRED--OTEPWUZ;E OL'3
C -IQ- 1 IF THE RMS VALUES OF THE CONTROL AND STATE ARE TO BE FOUID
C---'Ngui IF ONLT S AND P ARE DIAGONAL
C IN IF A S Q AND A ARE DIAGONAL
c---i:-o IF orti'i•dL hLTEP AND PEr'L*ATOR EI13SNSTSTE.'.S ARN To 8E FOUND
C .p~l IF EXTERNAL C !ATIX 1S SUFPLIED
C IF : IF EXTEPNAL K IS SUPPLIED
C__R-3 IF EXT¶.P'AL C AND K AýP SUPPLIED
C--- 1551 I? STEAD! STATE !ALUFI APE TO BE OETERF.INED
C 1."1 IF MODAL STATES DESIPEDCtncrir
C
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3 FORAT '' 'OPEN LOOP DIN&IICS MATRIX .... ',//)
6U00 FORrAT 6'O2.5) C
6000 FRPGkT */ 2%,13DI0.3),/ 2X 10(2X IPDIO 3 bh6001 FOR r.T 16O10//, 1,'TFI CO.176OL DIMTR|OION MITRIX.... ,/
6003 FORAT 'O',//,2X,'TH? CONTROL WEIGHTING IKTlX ...... '/
6010 PORR•A?'0' //,2X,'PBOCESS NOISE DISTRIBUTION -1TRII ... '.'/f
6011 FOREAT '0',//,21,'PDVER SPECTRAL DENSY! - PROCESS NOISE ... ',//)
b051 FO.EAT 2%tEASnR-.iENT SCALIN; MIATRZI ......
605J FO3LT :0/,/ i1Z POWER SPECTRAL DENSITY - HEASURERbT NOISE..',/
6012 FORFAT '0' .//.2t'DTAGONAL OUTPUT COST RATRIX...',//)
6013 FORP.AT '0' ,//,21,'OUTPUT ::ST SATRI%...! //)851S FOR P-AT 10., //:21: !13SURE4EHT FSEDTHROUGH RTI..,/

RH .- N:

C SUEROUTIN! CHECK CH:CKS THE :3:S:ST:NC: O: : E::ESTE.D OPTONsC
CALL CHECK(EPS NC NG NO,
IF([SET. E3. 1)G6 T6 96is
DO 90 1' IS

9010 EAD(5 4•7 (B(IA.J1 31 NS)
IF A. I .B ) 6O lo 951
1 EAD(S ,,7l (DESTAB(I) ,1-1 ,IS)

9 6010owl1N
9015 CALL SETUP(SA,G,GAH.NS,NG.NC)
9016 CONTINUE

5001 arITEH616000% . (BA (I
IF(IDST B .E,2 5) 66,WO39,69"

460 FORE.AT(/' DESTAbILIZATlON CASE ' /
-• ' THE FOLLOWING VALUES WILL BE AWDE4 DOWN THE DIAGONL TO *
SnDESTABILIZ.E THE' / ' ABOVE HATRIX. OPTIHAL GAINS FOR THE '
* 'DESTABtLIZED SVSTER ARE THEN USED' /,
c * AS FIXED SUBOPTIMAL GATIS WITH tRW ABOVE STSTEK'./)

WRITE(6 6000) (DESTAB (I) ,I-I,NS)
3Q99 C0NTINUt

C='EIGL4SYSTEV. OF THE OPEN LOOP DYNA21CS
I? (IOL.?.0. AND.I.Q.E ) 20 TO 500
I' IIOL. Ej'.0.AD..C.E.3) ;0 TO 503
DO 51 I 1 iS
DO 51 j * 1 KS

CALL 6ALANC (4S NS.GN LOW tHIGH, DO)
CALL ONTHES (S.NS,LOd.II2H 0N 9 D2) Sc
CALL OPTRAN (NS S LOW ,INTI Gl D2,SC)
CALL HQRZ2(WNS N ,.ILbV I piH., 'C54.CWI, Sc' ERR)

FjIEPN.NqE.-O) CALL ERE1irA CGI5Ra)
CALL EALPAK !SLOkI6H12N Di NS SCI

C
C NORMALIZE AND PRINT UPER1 LOOP EIGEWSTSTEN

IVRITE - I
CALL CNOF. (CW R.CV!. SC t.SS. WR STE NSJ. DDD, D1, D2.,WCRM, UNoprHO. Cr.

"lf(IOL.E2) ETURN
1? (1. EQ. 0.08. (NC.NE.0. .DSTLlT.0IG) rO TO 500

DC 49 :1i.1S
iF (CRI) .LT.0.) GO TO Q96- +PRE (*sBS)

$95 FO I IAT l//-' FROGNAM T•FPINATING DUE TO OS+7ADLE SIS"E-1')
FLTUPN

496 CO4NINUE14
I?(IOL .ZQ. 3) 0o TO 510
DO 497 1-1,31
DO 1.91 J31 K5
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500 COT•TU0ZG

I 8, It DIAG(DOESTABI i 0-1T
DO 50S JuI,3s

DO 505 ln, o ,

505 L&(.J 3i a A (OR,(-)J}DESThB(})
DO 567 I1..YS
DO 507 Jul 13
ODD u 0.60
DO 506 K-l,NS

506 SO D ( OD D * hA(I.KP V1u..nI(KeJ)
vSTOaE((,I. DDDu

507 (I. RE i,J| * ODD
510 CO TiN I

READ 5 74446iO
WI 9605 1)I

D0 is 6 1 a .10
1006 *IRTZ 60001 (Hog J1,J-INs)iF| m. •.W lt GO0 T ,50•

8 20 CALL NODE(b 16O0 K,Ho, CMN.,. NO, S, 21

8504 CON TI 1TOE
IUITDF .EQ. Ob GO TO 8519

W97 TI (t,85
1 )

DO 8541 1.108517 WIRI TE;6 6000) (D (IJ) J- -m=

8519 COIIM r

ir IC .EO. 0 1o TO 1901
171 iOL .E?0. GO TO 9035

I O z R M . GOOo 9120

I? P. 0b

RE D S'/14 4) ((G{(I J) ,J 1,C ,I ,1 }

9500 CO1INU HE
WRT5,600'1)

Do';l, 9116 -1.V

9210~~ b ZbO 6010t
• 7r TM.NEl ,u 0 T

Ch -L PlO 11ODE( l"GB••5• g:

6500 COIqTZ NU E

GOTO d399
9120 DO Q020 7=1,45

3 . O -020 J=16 NS
9020 M1(-÷HJ|=" .0 ....

(It, Q .ME- 11 GO TO 921c,

no Q505 3=1, N

953•5 AA(Q ,J| HO(,aJ)Ftkyl[
GO T6 IQ

9215 p EAD 5. milQ) (Q(1,J) -,i1, N o,'1t,N°)

"Do q217 J=1.05
0J0D a 0. DO

DO 9216 F-1,NO
9216 ODD - )0D 4 Q(1,K)* Ho(KJ)
9217 Al. j DOD1

WTI i" , 0 3

9218 l921i 16.600 u ,JalN"

9219 DO 9508 7.1
DC) Q~%0 J=1,NS
Do 9'08 9"1 NO

qS9k m4,1 R!!l,?,J) - I*MH,J- O
9030 IFI ISET..7O.1) TO 420

9035 P iiA5P"1 ) i(GALXJ- J 1,'IC) ,Iw1,1Is1

0 f(T(L .EQ. 31 Go r os
9520 CO pOE

00 WgOi 7W1.,q
DO ",,OO J=,l,

9010 S(I .J)V-
0.Q
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READ (5,7IR) (j(I9I),j,,s NC)
IF I IlQ . Q. 1) 90 0MR TE (6,.6g 12)
"aRITE (6,6 001 (ATti), el1 ,No)

90W5 WRITE 6 6001J
Do 606 1• Ias

606 WRITEr6 6000 (G - 1,mQI T(tfH.l.) 0O TJ,68501
CALL ,MODf ElNOAR'. GBEftNSN. N.C,0)i[8501 CONTI NUE

IFJIOL E80. 11 GO TO 8505
118.TE 6,603)

00 0 NC
C OPEN LOOP TRANSFER FUNCTIONS
C

8505 WRIT!r6f9220)
9220 FO9aT( 0'/./,21,'OPEN LOOP TRANSFER FUNCTIONS...1)lTFXZ' 1

CALL TF(NS mS 'iS"' AA. W G EBMNO,,H3 CR iD•, 8,B CC,CP,
W E i W .NR: :SC: sCf is'D1,92,DOB,4E65,.ITF1 IiTFi)

8400 IlrtIOL%.Nt. 3) GO TO 8502
I?,(NG .EQ. 0) RETURN
GO TO 625

8502 CONTIWUEI•jP ZQ.E. I .OR. IR .Eq. 3ý G3 TO 93

C9*1CALCULATION OF CONTROL GAINS: PORHATLOK OF CONTROL HAMILTONIAN
C
C ** O'• , AN' FT APE THE OPEN LOO'P
C * S DYNAMICS .¶AkIrx AND TRANSPOSE
C * F -GHt BI;-GHTP CRABt IS NCINC CONTROL WEIGHTING
C 4 IATRTX
C * U "SA IS THE NSXNS STATE SEIGHTIN
C C ' MATRIX
C S -A -PT &
C *og ;M ''P3N IS THE NSXNC CONTROL
"c DISTRIBUTION MATUIX

D0 24 1 - 1,NC
DO 25 J 1,MNH

24 rR04 J) GJJ.I)/f(I.I)
DO 15 I H1,4no 215 i N .. H

RM ( I J+ M; 16 .D0.0
DO H K - 1.NC

25 Rf J*fl M .(l J+RN( S$) - ; (t,)tCýPRO(K J)
LT'2rN 11,AMLIULA1 O NIAN'RIX gnk%690
C--DIACD3NAL BLOC9-Eil AID ft22

DO 26 1 * l.H
Do 26 J I Nq
Iii(1'•,3)*H -'" (•Z

C---ZlL•BIL OCK26 F(eJ) "-?ITRRJ
C---¶12 BLOCK'IS DEFJED C 'LI:E 25 ABOVE
tsa ers00oc f-Stlg&.g7bma* bv AVtAwC,bS Sn,

50 CONTI N U
IF pDFPUG .!Q. 0) GO TO 1050

601i FOPOAT(/••( UL!P-LAGhANGE SYSTEM Mk'RTX...'/flCALL RAME;T."-,' , S ..,.11(X |,1. ));

1050 CALL BALANC l:.¶Z LO.W'If N'Di
CALL OiTHES l(R:Laf.:Hit4.a.Ri02I
CALL OTFlAN(AS. LOW IHI;,M R DZ ,I
CALL HQR2 I nt 3 L6M d it; vi vi Ir)
IF(IE•F .JE. :6 CILL 1 (ltflt'R9qI&PR)
CALL BALMRKfMAr.LOtpIHIGH DI

C DEBUG DIkGUOSTICS ON £-L EQ
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! IDEBUG . G. 0) G0 TO 53.WET •'TE(619115" ) TO5
9115 FoRATV// GAL AND ELGIVEC OF 2*u E-L EQ. AFTER HQfl2'//)00 52 -1,I,

52 WI-E4(69116) IR(TI ,UI(Z)
9116 FORMPAT(X,1P2D13.6)

URIT£(46, 9 1 1 7)
9117 FORM¶A (904)

CALL PAPrNT (HONN,99,I,,' (9g(1,1PD13.63I')
53 CONTINUE

IF(IDSTAB .!Q. I1 GO TO 54
IF Ca r?.E0o V ?E (6,9119)
IF (NO3.NE.O0 WRITE(6 1121)

54 IF ( 008.1E. 0) GO TO nO
9119 PORN AT ('0'//,2 .'EGENSYSrEf OF OPTIDAL CLOSED LOOP SYSTE.1.. //
9121 FORMAT ('O'.// IX.'EIGENSISE- OF ESTINATE EFROR EQUATION

CALL ARGsIN(NNSNC, OBD.NR,HII, GH11,RR,
IW21 0Dl CWRCWI, S, HS,D2)

C CHECK E..G?*C
IFfIDEIUG .EQ. 0) GO TO 753
WRITE(6,9125I

9125 FORMAT(" EZIGEWVECTORS PROS RGAIN PRIOR TO CNOR'l)
CALL PAPRHiT(NS.NS,NS,9,SC, ,'(9(1X,1PD13.6))')

750 CONTINUE
C
C RESET FLAG AND F MATRIX FOR ITERATIVE DESTABILIZATION CASE
C SIF(TDS AS °E- 0) GO TO 9136DO 9 135 D ES T AB(5

9135 31(1,1) - S1(1,1) - DESTD(I)
IR* ¶

9136 CONTINUE
C CALCULATION OF FEEDBACK GAIN
C
C(rOE•EDBACK GAINS---O - -(BINVEESE)P'GT2GN
C---CALCULATE GT

DO 801 I - 1,NC
DO 801 J a 1,NS
PFO (I ,3 * O.Do
no 80O . I 1.fi

SOl B(•R PAO ½ ,J) *G(KI1 -G,."rJ)
801 FB,'',IA •* -PO(1 J) /A(0I11

IF(IUSTAU .30Q. 1) 6O TO 9130C
C NORMALIZE AND PRINT OPT. SEG. ZLOSED LOOP ZEGENSISTEM
C

I•qITE *2
CALL CNOaL(CM R .CVT, SCNS, IV RITE, NSQDDD, Dl, D2, NNORM¶, INOPNI, FI'GC,

C" 4 TH! OPT"AUK'FED•OACK CONTROL GAINS
9130 MBYTElb(977),

977 FORMAI(/// '*THE COIROL GAINS !;,//)
DO '466 I *1,NC

968 %iTif 6,9761 (F SOC|(13),J a 1.US)
978 FOIr.AT[(A''2X.1Pe .b,/,21 .661).63

C CONPUTE MOBAL 't dIT I-

C OPEN LOO)P U-ITVE SAVED IV VIORII
IF IFr..E. 1) 00 TO 985

C IN COr.P U'ING ODA L C RECOMPUTE U OPEN LO3P
C SINCE 4NOPM USLD TO STORk 0 AID U-TNV FIR CLOSED L)OOP SYS-G..S, AND
C WNORNI USEV TO S&VE U-I4? OPEN LOOP
C

DO 8510 11.NS
DO 8510 J-aiSOsoVN3ER(I.J) a WRO•RI (Ir
CALL ITVI4NSW•iNOUN oD, D1,)23
CAL L 19OL,;. I WN. fl4,rBA t AI NC, 1S. 39

985 CONTINUE
CeeUTHf C•OSED LOOP ;TNANICS .ATR]I

DO 160 I U 1,11
DO 160 3 1 13.
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DO 150 K - lfEC
150 SURnOSn +G (I. K) #FS-GC(K,J)
160 &CL4 I,J) -81 (IJ)*SUR

WRI44]6 11701
170 FORM5&4

( IO$TRZ CLOSED LOOP DIMLMICS -7A91 IS..',,//)CALL ELPBNT(SII,3ENE.5,ACL I,'(5(11,1PD13.6))
IF(IF.ME.1 -. AND.I8. NE. 33 to31 1801
DO 9140 Iaml MSDO $140 ..1'I,11

9140 GHJq)'1L .....JpacCL(r,

CALL B&TLANCNS, $ , IGi, aI
CALL OATHESCNS, NSW, LO IHINHGN, D21
CALL OiTR&V HS S. LOW IHISH G11 D2 SC)
CALL HOR2(,j KN§ sLm64 ; C• EVI SC)Imit3)
irIERR xi.,O) 'CALL Eza S Gks.G ,izEtR
CALL EALBSK (IRS Is.LO 1HI;. Di HS SC)

CC .ORtlkhLUE AND PRINT CLOSED LOOP SUBOPT. BEG. EIGENSTSER
C

INDITE -3CALL ClOtS hCgh.C•IZSC.NS.INSITE.KS0.DOOPD1I,D2,•NO~fl,US•OF.I,yBCC,
i SAL NC. 5S)CAL

DO 9306 ',I s
IqcWRI;fL0-0.0) GOTO 9303
WR TE(6,O10i

9310 FOR AT 31 //,I 78 EPINATING DUE TO UNSTABLE CLOSED LOOP
BET us

9300 CONTIHUE
IYfx2.NE.1¶ GOTO 1801DO 9 ,00 .- '1,NS
DO 9400 J3I,NS

9400 'l ; tI.,,11-5C(1 027AL 1 V(11 OA,WlAS, DOn,DI,D2j
1801 1408mb

IF IIG .Eg. 0) RETURN
625 IF( IS:.tD1)) GO To 630

; &3D CONTIOF
IF(IOL .FQ. 3) 00 T0 9060
I? (IN.NE.O) ;To 9070
DO 9050 1-.1,G
DO 9050 2ING

9050 W (i.7aJi) (Q(II1.1,NS)H3

Goro 90h0
9070 R EA 7444Q, (((rJ),J -, $0) .'1. K;)
9060 W R.JT frI 601b)

626 PTXt(6b 6,000; (GS4I 33.3.J,30)P(mit.•I ,;0G 'TO J503
CALL ,OiE( NOPNI1,CAN, LA, INS. NSS,.NG, I

8503 CON INUE
IF£TOL QE•. 3) PETUFS"VRIE&6 6011)
DO (b I . 1,NG

627 4l311 (6 60003 (I(.) .1.
628 I?(4I u.T:0) AD.(N. .)g w 0010-r .389Do -78 1 " ,

DO 375 3 - 1*.s

3 o7 It.00
378 PRO P" OjI,J) *. (11) GAN(j,K)DO 179JI .t I',1

DO 3179 J - I KS
C~ofi -3 0.60DO R79 it - 1,SNG379 c [Ij) - COIJý-G Aa 1! 4, 6 Pao (K.il

C'"OCALCILATION OF ?7LTER GAINL:TOPNATION Or ESTIA7,1DR HAMILTONIAN
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C
c I* NSS? AND FT ARE SAME AS FOR
C %- f C2;THOL FAP.ILTONIIU
C S F -G5SQOGEMT *O*. IS NGING STATE DISTURBANCE
C a 1 RCOVABIANCZ
C A V PR IS NOINGO EASUREAENT NOSE
C RCO YAi•C_•
C ' -H3T*RINl'HO -PT 2 C"8O IS NOIS MEAkSURE£ME4T ATRI
C a6 *3 8;3 IS NSING STATE DISTURBANCE
C DISTRIBUTION MATRIX

1805 DO 9110 1=1,30
DO 9110 ."1,30

9110 RC(I.J) 0.0
RzaD 45 7444~ (RC(I.11 .1=1,N0)
WRITEJ .960521
DO 107 1 0•,50S1807 VR TE(46 ,6000)_ (SC(IJ) J"I, .. )

S8506 IP(IT 2 .EQ. 1 GO f5 Is

9230C NOISE TRANSFER FUNCTIONS"i. C
• ~WRITZ(6,9230|

• ;9230 FOR•kT(10',//, .2X E T~k.MSPERSFUNCT IONS
c ,'.48ROUGH THE CLOSED LOOP SISTEN..')

ITFI-2
IZERO*
CALL TFNS S, u SQ•ACL ,&A, NO GANE¶ B.,1 10 Cm ,ZERO 0 5ESCC,CP,

0 We I IRWRciSC) CF, 1,I,i1D210D1,3TF2,IfFi)

28 CONI TNUE
IF REG .E0- 1 GO To 388
IFf IR.LT.21 .O0 ian1

* l r u D ( 5 ( ( P 8G E ( I , J l , J - 1 , N 3 ) .11, NS )GOTO 320
1811 CON T| I O-

•i t• THE MEASUREMENT MATRIX
C

t 
(HORf IjNHO-- >SC

DO 30 1. 1,0
--2 DO 30 J * 1 MH

30 Pe3(I,j) h 60(I,J)/RC (I,15
DO 31 K * 1 .5

-1 0031" .1
311 AI . RR(I*'NH,J) - IIO(K.I)0SR3 (K.J)p GG GMT- CC

"% 35 313,5DO 35 J , 1 115
Rm(I, IJ) Bk(Z J

~.~::~ J+ I .)*CQ(I,- ~RN(I+RH.J" ,H) *-DA 3 ,1)S3,5~~~~GOIT6B. I *50 -Cl,.
CffGC BACK TC 50 TO SET UP THE FILTER HAMILTONIANC AND CALCULATE -HE FILTER ZA1WS

fl0 CALL RGAIN( Ns., NC, NODB,WRE.I,1CN.,GM P.-.

S 12 1D11C9,CI,PRO ,HS 02C CHECK Elyl C
IFIOEBUG CZQ; 0) GO TO 58WeIT r!6.91i5

CALL aA PNT( NSINS,5,P83.O,'(9(1I.1P013.6))')
58 COBTI.UE

IF(IDSTAB .EQ. 11 GO TO 9311

C .ORNALIZE AND PRI$T OPT. ESTINATOR EI•E•3TSTEN

Iva ITEtS
CALL CNOPN(CD.CI.PQKS.ISIfTl,KSQ,DDUD.D2.,NO3i.iNOP.I.HOAA,

9311 00 61 1.¶H
DO 61 J- 1.50

61 85 (1.J) * *NO(J,I3/hC(J,I3

S.. . . .. ... . • . . . ..... ; .. .. 3. ... i ...... . ........ .i 'i . .... • ' i . . ..63 . . i ..



DO 62 I - 1,1H
DO 62 J - 1500
fEGE I Ii 3] -. 0 D0
DO 62 1 1.8fin

62 PBGE CI = FUGE I 3)+GU 1 K)t"PRO (K.3)
IFI Aus EQ I) &O TO 935
wRI TE (61501)
CALL AIAPRNTU. f!FD 5.3.4.' (5{(1I,1P013.6)) '1
W•Z '£TE6,1510)
DO 9312 I.125H

9312 1• 1 ) ,18QT X(01( If)
W~RS (6152W (2, (I) 1._I'MR)

9320 nIT E(6 1018)
1018 FOBNAT ! 0 ',PILTER STEADY STATE GAINS ......

DO 63 1.NH63 wR17 ID6 1014) (FBGE(IrJ),3 -1,KO)
1019 70351 * 21£P6D01.4)

C COMFUTLE .0 AL. M TREx
C OPEN L3OP U-ISV SAVED IN W1Nd01

IP(I .ME. 1) GO TO 9330
CALL NODE(WNOI.FBGE.AA.5NH. NO,4)

9330 CONTINUE
C
C RESET FLAG AND F MATRIX FOR ITEPATIVE DESrABILIZATIOf CASE

IF(IDSTAB .E0. 0) GO TO 9338
DO 9335 1:.1NS
Do 9335 1 lImS

9335 BA(IJl - BL(I.J)-DSTORE(I.J)IA= 2
9338 CONTINUE

DO 931O =I1,NS
DO 93D0 J.lNS
SUN =0.0
DO 9350 K-1 NO

9350 SUf".SUN.*FDGfjI K) 'HO(K.J)
9340 £RD(T.J)=BAf ,J)-SUN

9361 FORNA tSO.' HE CLOSED LOOP FILTER DYNAMICS ARII IS..%/f1
CALL IAPRNMINS,.S NS 5PHJ.4.'(S(11,1P013.6))')
IF(IR .LT. 2) GO TO 9500

CALL PALANO(NS.NS.PPO.LOWLIHIGH.Dil
CALL QATHES (55, NS, IHI.PRO.DZ)
CALL ORTPAN (NS MS LOU IH';H ,'RO D2 Gqs
CALL HQLZ(NS. Ne1§,LSW HIiCGH PaCh Ci -I, ERR)
IF(1-33 .NE. 0) CALL AR!xfr(.SPRO IEA)
CALL EALBAK (NSSNS6LOW~IH.D¶eMsI5R)

-VRITE (6.912 1)

C NORNALIZE AND PRINT SUBOPT. ESTINATOP !;P!NSISTEN
C £IWR IT E"5
CAL

t% NO IS)
ICALL CNON 4R CR.CI. G. N S, tF.1iTE .ySQ.DD•D.D1.D 2. ;;OR P..U .OIP.". I, HO, AA )

Do gal6 I 1,NS
IFI(C(I).LT.D.O) COTO 9410
UR TZ( 9iu20)

9420 FORF. A.j///,' POG9AK3 TERMINATING DOE TO UNSTABLE FILTER')
PETURN

94*10 CONTIUOE
GO TO 9501

O50 I7(I G.E.0) 00 TO 389
9501 DO 65 I 0 1.NO

DO 65 J * 1 NH
PFR13'.J) * 1 D0DO 65 9 1,1140

65 rP3(1.J) - PRO(1.J)*eC(I..'KjP8,3E(J.K)
DO bh I * 1,.H
DO 66 J : 3:gU
co (I.,)| a O.
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DO 66 K , 1 .O
66 C8J I.J1- C (I.J3)FBG!(I.KI"PRO(K.J)

398 C T PLE
Ct:*TBE ERS STATE AND CONTiOL RESPONSES

I9-11+1
GOO (9360 9360 9380.9380), :R

9380 DO 9745 I.I.US
00 9705 J1,NGXC (. Jt-O.0

DO 9705 K-1 RG
9705 KIJ t4 tI 1

5
j1 GAs(I.N)q(IK. J)

Dc 9710 3-1,WS
S1• -0.0
DO 9711 K-1,NG

9711 SumS0-X• kmI ,M 00453,5)
PRO .JI =7:,) jU Q 'iJ
P1O I) -P0 (I,3)

9710 V21 M= I ý(3.1
CALL MI 41(1SQ0, 21m,, DDD l1O4
CALL SCOT NS.Gl,d21,CR, CI.N•S,f.l.U21,:R.CIPPO.3R-)
WRIT P46 15Ot)

1501 ONSAT(0' //1 21 .T1E COWXRIANCE Of r.RE ESTINArION ERROR*%//)
CALL R .nh.aa.s.c.w.."sc(z,13.))
i ITE£46 1510)

1510 FORMAT10'./,21.3NS5 VALUES 0F THE EzTIATIOH £939OR',/)
DO 9115 It1C5K

9715 1(. 1) 0 flRT (Gwj!.It).

1520 EItj6. 1q51X520) 13.6jp
IF (I-.0) GO TO 3bP
00 9720 3*.NCDO 9720 J~l,NS

DO 97T5 141.165

D720 1 7 0 -ISUN

DO 9730 J1l,RIs

£ E.0) s0 To 9730
DO 47%; K-1,.NC

9735 SU.*SU.G*G( ,KI.)X(K J1
9730 PRO (J) .)S

CALL $ika wsc.,!C.11t1 CVP :VIWS.GM,VZ1,CR,CI,PPO,BAI
iP 4 c.E0. di) .b tO 915b

DO 9755 Jul NS
iV21 .J, )-.6
DO I7 KXlWS

q5 5 1V214! J) =V21.I .3J1 -fBC (I,". -'A(JK)
975a 00 740 t-i,:S

DO 9760 J.1,YS5U.9 sO.0

iF [s;Zq.o) GO TO 9760
Dc 9761 =1,NC

9761 SU.-sum*.cs:,K)?V21(K,J)
9760 rR3iji.J -,ij

DO J742 x=1.Cn
Do 9762 J-1 MS
P148 (13 .P-6,i (13fCQ(I.3i'-PRO0(3,)

9762 PRO (3I)--RnO. iJi
CALL *_DY V .1 CW11,CVR,CV1,NS.SC.i11.CWRCVI.PROCQI
DO 9770 i 1f,
DO 9770 3I,14S
G0 . I.J)i h (!J) -BA(1,J)- BA (J,11 *G{(rj9770 G :(.}r..(ZJ
Go~o 9 80

9360 CALL SCOT (NS,SC,*11.CbhZZ'dI.NS.SC, illCUI. ,CVICQGN)
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9780 IF (pc. EQ.O) GO TO 202
DO 190 I a 1,3S
DO 190 J a 1,NCPRO(.J =0.DO
go 1"91 k 1.NS

1q9 PR aI J P 0•1, J)*GM(I.K)CFS;C(JK)
19)0 CcN TI Hu

DO 200 1 1 a 4C
DO 200 3 a 1 .C
SC(i 3" 0.50DO 251 K -INS201 SC25.1 -Ci(,J) .+?GC (1,K9 0 PRO(K,J)

200 CONTI Nt

202 IF(IREG .E?. 01 GO TO 9791
DO 9192 I•S.35
DO 9792 Jal IS

9792 c843I.J1=U (f. i
9791 VRIT! J,220)

220 FORSTfIO' //.21 @THE COVARTANCY OF rar £STIflTE..',//)
CALL RIPRT(HSA N18. S.GN, (5l(1R,1PD13.6)) )
IF(;U.GT.21 GOTO 503
DO 67 I - 1,RH
DO 67 J a 1- I

67 COgIJL a Gh(IJ).GH(I.J)503 CC TI VUP
WEIT (6,2101

210 FOR.AT ('0'// 21 'THI STATE COVAIRANZE NATRI1..',//
CALL R aAt HaSi'NH 45.C04,'l(S (11,12013. b3)'4CALL .P 2• 32, ,

IF JIC-E. IGT 2

221 FORHAT(I ?I//,1I.'THE COVTROL COVARrIkC!!%,//)DO 230 1 - I,PC230 wRITE £6 231) (SC(lJ) J-1,NC)

231 FORM n? t~i
232 DO 241 1 a • S IS

Do C(IC.I£. 0I GO TO 21g €0 1 alI Nc
250 SC CIII - DaQBT(SC(1.1))
)51 WRITr6, 262k

261 FOR.4iT (0'. X.ISTATE F.93 RESPOWSE',2XK,*COT?PUL EMS RESPONSE',
•O 270 Za1 IS

:F (t-LLE.nI WRITE (6.2721 Co (,I1).SC(1*I)
272 FOR:LTj' iIPD15 7, 25iD15 .7

270 IF (.T4) W UNITE 15 .723 CQI(.I3

389 I?(1TF3 .PO. 0) GO TO 440
C
C PORN :ONFENSATOR FROM SEAS TO INPU7 AND COqPTJTE I?
C DO :18 r•=1I v

DO IJ- I, WS
SU.q-O. DO
DO -405 KF-1 o

405 SUunSURf*.FwilElK) $nOC(KJ)"410 C0( .,Z) -P.CL 1eJ) -SUrl
P-A"TJ6 92401

9240 FOtA4i •fo',//,2Z,'CCnrnsarOR TRANSFER FUINCTIONS...)I-,FX- 3

CALL TrV(US SNS.CO AA..NO. PDG•E. e .•%GC C-.IZ!RO9,DB.CC.C?.
S WhI.PCWP,•USC JC.P,pRS,IOD2.DD6,EpS.ITt3ITFi3

U40 COrTIw6E

C CONFUTE PSD FUNCaIONS OF THE CONTROLLED SYSIX.

IF(Ipso .19. 0) GO TO 450
IF (ITO -LT. 33 GO TO Q-14
CALL PSDCAL(. IS NNRcC, MGV, so Y ru-To.1HO FIG! IC

1 GARACL.eA.i6.UE.DDi.b2•CZ. ,3E§.C.iE.5%.Ct.l ,IPSD. sOt
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1 . .. ...

CALL PSDCLLCR NS RNI C C GC NO IT _w 'I ,r8G?
GO T6 *560

*Ve4 CALL PSDCAL• MiS BIN XM.C .U.CV FBGC NO •Y 4Cn1uo WBGZWGN.
1 GCB ACL SA wk V.1 M 5ie3.1-.'. 0,1,C,ITi4SDf-Oift)

IF(W•C N)E. O0 GO To 395
DO 390 !,1,N5
DO 390 J-1,0S

390 ACL4.JA - 3A (I J)
395 CON.I RU

CALL rIRY(N5Q.ACL 4S DOD DI Oz)
RED (5,7114th) M f ~
WRY TE-(t9771) 4 %RS 16§.IN T R

9771 FOR. a 01 •ECTOR.... 10(11,IPD16.6/1)
9765 FORPAT(//////&. *STEADY STATE VALUES 3F STATE hiR. ABE ......... )

DO 9763 1f, IS
a9(i 10.0
DO 9163 J-1,NG

9763 UI(I)..11 1).GAR(I.J)I9R(J)
DO 976I -1,NSCP{Ij.O.O
D0 9768 J1,°NS

9768 CF(T),-CR (I-ACL(r J)) UI(J)
97164 iRITE b, 6D0Ot C (1

CIf 1-0. 0
DO , Qý166 31,NS

9766 CI(I)C1 jII FBGClI J) OCR(31
WRITE(6, 1767) (CI(If).IsI U")

9767 FOSAATE///.' STBRAD!E TA t CONTROL IS ........... 1(1PD1S.Sfl
FE? URN
E59
SUBROUTINE CDIV (A.B.C,a S.P)
IMPLICIT REWL't8 ik-HO-Zf

c
C THIS SUBROUTINE COMPUTES THE C'3PLSX DIVISION
C
C £ * 0oI - (A B *11)/(C* DOT)
C

Ea•C•= (AoC'.r"D) IT
E= ( Ac-*C+ /T

R~rUN N
END
SUBrOUTINE FAPRUT (M!IAI., L.A. LOIN.FM?)

Dl'O ZSIOE Fl T A11L
•OI 20 N' =I N L
IF Eli.F...) S.N1
D0 0 1.1 m.

I4 17(6, 100)
100 FOR,- AL( 'I

NETURN20 NUIJ.NU'L

END

1M21 LT CC CT • S, F.TL

DI-IIJZION? (is S1P .vrg N~NW,1 S - I
5D.1;KSION C(%S) .ci(qSf.Ck,¶1473 1

N P:, 0
N;CPZEI , 0

10 I?(1t.GT.1J W70 o 200
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CF
C CHECK FOR MIGIAL AT OR NEAR J-31-GA AXIS TO INCLUDE IN E-L EIGSTS
C Tn9: FIRST ONE POSITIVE AND SECOND CME ¶EGATIVE

E13i (V) -D&PS(r3O(K)NJ 1 11(K1 L4 030*40
30 NP EV - , PZEWl

I? FPRjl .GT. 1) GO TO 35
11 R(Kb EIGViU

0 TO7535 WR{K * -!.%GVR~r T14(6 9000)
9000 FOR1flA3 O'f EULga-LAGRANJE EQU&TIOHS HAVE A -EAL EIGENVALUE AT',S' O•.•".•Z!IO.'/)

GO TO 110
&10 HCPZEV . ICPZET*i

IFINCPZEV .GT. 1) GO TO 0S
V1R K) - E T"

R KoKl) .* CIGVY
GO TO 80

45 WE (K) -- E-GYt
VR~ K*l, - -ELGYS
11FISTlE4 9010)

9010 Milk (09 ' EULER-LAGRAN;E EQUATI3NS HAVE A COEP!LEX PAIR OF %
0 'EICASVLLUES AT OP PlEAR THE 3-OME3,A AXIS.-)
GO TO 120

48 IF UR (K)) 10 50 50
50 iIF l Kt 00 ¶s §o2- EAl GNECOR FOR .REAL !IGZNVAL2EPOSITIE
75 IF(NOB. EQ. 0) uO TO 78

DO 76 J * 1,!"76 TCB( JKP) * VF(JK)"/8 KP K P.1
*l8 4l * Kr

KeK * 1
GO TO 10

C ------------- EEVECTOR FOR COMPLEX £IGENVALUEPOSITIVE FEAL PARX
80 IFt(NO .EQ. 0) GO TO 63

00 81 J - 1 a

Fl - -V (iJt1Tc 9, 1~J K|ý-Fu
7CR (J.1P) " re~ri

aI TCS (3 FP4i) - FR-Fl
83 KP ? P-2

K - K*2
Go TO 10

100 Ir(W1(K 120 110 120
C 1 t[•), q(K o FOR R!AL EIGZNVALUE,2EGATIE REAL PRET

110 CIEfl A WitK)
aIEN ", 1(K)

If (4; 4E. 0) GO TO 96
ENS - N* 'NS"DO 95 3. I,I

95 TCB (J N.KS) * VF (J,1K)
96 tN - &W*1

GO TO 10
C------------ EISENVECTOR FOR COMPLEX EIG!NVALUENEGATIVE REAL PART

I S~: -WBI (120 PR * SR (K)
• CI K Ut (K)R

C (KU.) - •
CI(KS) V K

CIf(P4,.1) - - Rt
I f(NOR-,E. 0) GO TO 122

DC 121 J3 I ,"

TCB JRAN4)-F]•
121 'C3 3 S•sl) - FR-rI
122 ,i 2
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9K K*2
GO TO 10

200 CONIINOG
IF .NOD. NE. 0) GO TO 321

C FOOINAT •O OF will.- : DO -JQQ I - 1.15.DO i ,3 , loNS
3111(I S ) * Te8 I 3+NS )

300 CT4  3j - vi ,
. FORMNA6M OF V21

DO 320 3l1.15
DO 320 J-1 .S

320 121 (1J)- 4CB I+NS,J NS)321 IF 4 6O. EQ. 0) GO TO 323
-O .22 I .2 ,NS
DO 322 1 1 INS

-'32 1 (,) s -;CB J)
CON- 32 J 11 TCD( iS.a+ J)

C INVERT W11

CALL MINI(35 110 S DETC.LT. M)
c CALCULATE TF 5 1 ,.ATA ""DO 325 ILsI,NS

DO 325 JL1lNS
G(IL.JR), - 0.00DO 329 K9 -1,WS

325 GN(IL JL6-G;flL.JLhb;21(IL. KL)'W11(KL.JL)lIF"w~- O.Q. !NSE R£YB
• ~~DO Y•99 Z•IH

DO 5999 3 - 1 S
5.999 CT(.J) . I VIi (3,I)

EN4D
SUSFOUTTIE MINY(NSQ A6 NjD.L.N)
IMPLICIT REAL*0 (A-A.
bi!FnSZON AINSgJ1 L)l N
DOUELE rp[c sI A.D. 11 0A,fHOLD~~N- NH ,H•N
D-1.000
3K: -
DO 60 K-Im

-N KK8 +N4,L A= K KK)

tIZ;A;AJ 1K)
DO1 20 "K i"IZ-P' (J-I,
DO 20 ItK.N• •, TJ-1Z.IS10 1 Fj DABS (LIZGA) - DABS(A (I J|)) 15, 20,23}

20 C N90
C
C 14TEPCHANGE ROWS

LK) 35.35.25

25 Fr--
00 30.11.1,3
Ki It. N--OLt--A j() )

30 A IJII. LL
C
C INTERCHANGE COLUMNS
C

35 1I-49)
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345, &58,38

DO00 O-1.1
JKm KK3
JZ=JP÷J
HOLDW-& (3K)
A (Jfl -=(iII

o0 
O( POI EOLD

C DIVIDE COLUEN B? £111O0 PIVO? (wA•,nE OF PPIV OLTE.ET IS

C CONTrINED IN SIGM)

" 5 IFW IGA) 48S,46#4d

C

RETURN

miF-K} !i6,55.50•, :

55 cO$I No•

c PEDUCE •5T9131
DDo 65 i-I,.

HOL.sA( iY)
1361 vDO0 t.; J.100
IP (7- K 60,85,60

60 IF C-RI 82,65,62
62 KJ" J-OD A

65 CAHT SuE
C
C DOIDE N0OV 0T PIVOT

KJ'K*o

i-(K 70.75,70
70 A .. 1;UKJ) /bIGA
7S CAST.N

C
C IFODUCIT or PIVOTS
C 0=0' OlGA

C P.?PLACE PIVOT BT REPC-PROCAL
C

c o AgKKJpj l. 000) / SZG& 11 Cl.£
00 C OT0 CLp

c
c K-0l

10 5 K) 1.

105 I; 4 R 120,120.108
108 ..lO,,,t (K-l1)

DO 110 j.1,N

JKQJQ.*j

110 A T POLD
12 0 1s•l

120(J-k 100.100,125

125 KIU E- q
DO i3b 1-i.3
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K In KI ÷HNOLD;Lh AKZ)
ii- KI-K÷J
A (K• .- A JI)

130 ( ;WD
GO O 00150 KO
RET Ut U
END
SUtBE:OUTTNE SCOT 'IlL-MLWLI ILl VLZ"N R hPI WRlVa2l 0.1x
__1LO8 V1(NL|.V2 (. L) (L. NL| L' (NLNR) A Q(N ,NR|
* VRi (NRbR2 (R) R (R.&R)mwf (Ng. R

"100 DO 50 -ii *L
DO 50 J=1,NR
I (1 3).0.DO 50 •I.1,NL

so gj ;.ff(.J) +WLr (ZiTr) %Q(l I.J1

DO 52 J.1,NR
SJ) *) "0.

I-I

13 1F (YLZ(1) 10,11,10
10 .Jtl

120 A C/ 2 J'J: VI21X" V ý2 [Jjt

Df~e• 2- Br2
-- ~K1.!PtC/D

K2i-(VRZ (3) •C+TL2 (1) U)/D
K]:-CDZAI eH,1•aL2 ()e 'C) /DKU=11 v !I, /D

1-7+ 1
%rJ11 , _KI,(~j,2O~J1K.OT 1• rl:'jJK1:3

X • £ .J '1 1 ~ I ft') I , 1)* K ýI• # | K " O ("',| K * : l eJ. ,

( *-K3e(IJ)-KQQV 31) ,K1(21 1lJ *K2" O1,J1)

GO TO 2221 A-,•RI1 jt+VLMI (

K2 L2(I) /2

2Tj -V (IJ) -K2-j (IT+ 1J)

22 1rjJ.LZ-N3) GO TO 14

1; :2
GO 70 12

11 J-1ThI V MI) 30 31,30

H-*A'
t 2*• (J& v'

#(1(362K'V V 2(Jt/B -K2j. ._ I
1XI 1 ,J ) K ?.fl.(J,, J) - .1 •, 1 1

GO TO 32
31 J ( /(Vol(J) *VLI( )

3.3.1
32 IF (J.LU.,R) GO TO 15

Itt *1
12 I1 (I.LE..L 1 GO TO 13DO AO ILhm.L

Do 40 j11.9a1- DO IsO J.1,N3i

Q (tJ) *0.
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DO 4&0 11-.1.11
#0 8JI6J)OI#)+UiI)(IJ

DO 6 2 J-I.UB

DO 61 J~s1,NU
41 (E JL) .Ig,])*'0(1,34) e!Va(3,34)
6 2 CONTAINUE

RrT U R
END
SIJSROUTZUE BODE (MNOBN,C, GNJNN.NS 11.0I.2. Ic.f

C
c wHORE ?RANSFoFSATIOW MATRIX U on U-INN
C MS NO. or STATE T
c mC NO. Or IXPUTS OR OUTPUT
C ICON CONTROL FLAG TO INDICATE WHICH TRANSFO?".ArtON

C : MODAL G
C 0 OA ~M
C noAL GMM
C :qODALCH
C B ODAL C

C S CON TROL F'IG! WYECT3 ft MATRIX
C 6 M EASUREMENT EIGERVECTOR MATRIX
C

IMiPLICIT PEALI8 (A-H 0-Z)
DIMENSION U NOR 1 SN WA~lN1.,N&f

6500 FORMAT C 0,/2 *'0MOD DSRstn MrI 1
6501 FORMAT pOO./,,21.'MODAL PR3CEISS NOISE DISFIFjUTIOM SATAIXI..'./A

MO7 FORllAT10' /./f2X5 'IiOOAL MEASUREMENT SCALrw:- ATI',/
6580 FORMAT M//1 H ODAL CONTROL 3GAINS ATE@,/
6580 FORMAT Us/0 CONTROL ZISENVECTOR 4ATRXIX.*/

6000 FORMAT * ' 1 .I P6D1 .6))

6590 FORMAT '0' NmObAL FILTER STEADY STATE GAIMS ... ....

DO 5 1,N2
50 NR bo
75 gg g( 3 !75 7525OE250.75e250u25O),.IPOrNT

75DO 100 -1,04
DO 100 %l1,NS

100 GRN,-a(IjJV9'flORM4!eJ~ U~wg3 (I KG(K.J)

105 WRITES s65
110 DO 12A 1.1 N
120 hiRTTE(6,6,0

6
0) (rNORMl(I.jjJ).J.421

I50 UNITE (6 6501)
GO TO 1

160 UNITECE b590)

250 DO 1603J-.14
DO 26 0 ~1 -N.I4
DO 260 K.1,NS L. KNONR"

260 CN~i4N (I 3) GNOPM1) I
GO TO 1 5 61~6. 6.

261 WLY 50

262 WHZT!CG4 SSO0)

263W I:(,5m

261" t RITE16 4E.5%
27 FITJ6.60

6
Utl) CGNORr (Zj .JI 13",5s)

a H0. CN.NI,N2)
C
C WZ(I) REAL PART Of I-fl' ZIGENYTALUE
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c UT(T) COMPLEX PART OF I-TH EI-ENVALUE

C VEC ABTRIZ OF RI1HT !IG•NVECTORS STORED IN REAL FORM
C ?ROM HTR2
C -S NO. OF TATES
C
C IWRITE FLA; TO CONTROL FORMATS FOR DIFFERENT EIGHNSTSTEKS
C
C WNOtH NORMALIZED MATRIX U OF RIGIT EIGENVECTORS STORED
C BY COLUMNS KN REAL FORK
C UNORHI U-INVERSE 210ZONGUGATE )F LEFT EZIGENVECTORS
C STORED BY NOV IN REAL FORM
C NSQ,DDDD1,D2 - ARGUMENTS PASSED TO MINT
C

IMPLICIT PEAL 8 (A-HNO-Z
REAL88 FIELDCOM MA SrMCOL RIG,,T IT
DiMENSION NZ 4 NS)WIEN%)VL (KS ¶15) ,WNORN(NS WS)

DATA FIELB/StE12.5/ COMMA/SM ' ' /,5EMCOL/SM,.',/
I RIkiT/lHM)/,F.T/LH(IK 12391A /SEMEND/IH,':1/

9030 FOR0AT '0'.'ON L.OOP EIGEN
4

ALUES.. "
98118 FORMAT *0','CLOSED LOOP OPTI.MAL REGULATOR &IGENVALUES..')

FOS ATl 'O,'CLOSED LOGP SUBOPTIMAL REGULATOR EI ENVALUE5..2)
9060 FORM•MAT '0'CLOSED LOOP OPTIMAL ESTIMATOR EI,ENYALUES..'
9010 FORAAT '0' 'CLOSED LOOP SUBOPTIMAL *STIIMTOI EI3ENVALUES..')
9080 FORMAT //'O6,'RIGWT ETGENVECTOR MATRIX..'//[
9090 FORMAAT //I'O'OPEN LOOP LEFT EIGENETOR MAATRIR.. '
9100 FORMIAT //'O','CLOSED LOOP 5PT. REG. LEFT EIGENVECTOR MATRIX.. 'p
9110 FOU.MAT //','.'CLOSED LOOP SUROPT. RE.T. LEFT EIGEAVLCTOR rMATRIX..'
9120 FORMAT //1'0.'CLOS-D LOOP OPT. FILTER LEFT EIGEMVECTOR MATRIX..i')
9130 FORMAT //60'.'CLOSED LOOP SUBOPT. FILTER LEFT EIGENVECTOR MARI!.

11 F 'MAT (361.' (*F,1O.7,')*J(',FlO.7?.1 ')
c
C NORMALIZE COMPLEX !IGEHflCTOaS BY LARGEST ELEMENT
C
C KI,., "3

U" 0

LC- 3ro i99 K *1.NS
;k(KK.EQ*1) GOTO 991
IF (D ABS(Y (K)) .LT. 1. D-101 GO ro 999
LC- LC*1
?fAX * 0.00
DO 9.7 I - 1,1s
CHODsvEt•IK ) 0120•WC(I. K+1)t*Z
0I pCMOD-ErAKAX) 997.990,940990 £MAX - C"'O D

997 CONTINUE
VMR a VEC (MK)VTM! " VFC 4 FA*1I)
D0 980 j.1*4$
VN * FEC (IK)

lI I ftC(1,(* I'
V...FmN- (V MR in* IVFI )/E AX
VF:IN- E(-VR'VNI VIRT) (/EMAX

VkJRZF*i)-VEC1[N
980 CONTh *a!C

1wo0 999

991 xry.'999 CONTINUE

C NCJP.?LrZE REAL EIGLNVECTOBS BI THE TOTAL LENGTHC
DO 1000 W.1 NS
iF(IADS(IVT ) .0!. 1.0-10) OTO 1000
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998 LE-LR.*
RESOD - 0.DO
DO 996 1.1 PS

996 RZ-OD-tECI.1 ) *ý2*3EPOD
01l.33)SYiT (ElO 0)DO 995 ."1 PS
R VECC VEC (I) /R 1100WHOil 3H K)R( ,YEC

995 CONT! ci
1000 CONTINUE

C
GO TO 1520 530,540,5US5,550) ,IVRTTE

520 IhITE(a.9010)
GO TO 560

530 WRITE~ 96040)
GO TO560O

540 WRI?!M (6050)
GO 70&

545 vUITE (66 60)
GO TO

$50 WI1TE (6,9070)
560 KRIO

SI"P3TV-o
DO 568 0,1,1S
IF (KX .10. 13 GO TO 567
IF IF (DIS (W (I) GT. 1.0-101 KK1lc

C PRINT 3UT NOR .OE THAI 6 WORDS, NOT SEPARATING COMPLEX EIGYAL
-- . m C

SIF(4;PRTV .LT. S .OP.(NPRTN .EQ. 5 .AND. KK .FQ. 0)) GO TO 561
FHT(?IFRTUOl) * RT.=HT
W�RIT (b.MT (STORE (J) ,J1. NPR}W)
NFHTN.1

561 !PRvT.NrPhTWe10 FPS T V %F AT' V * I
IF(KM .EO. 1) GO TO 562
SThENPfTlW) ;- Z(I)
FfATIIN R.W) - FELD
NTN.W Fi NPHTN*1
FFT(NFPT!W) - SENCOL
GO a0 568

562 ST3PE (NPRTW) , NZ(I)
FIT (NFTTV3 * FIELD
FR K(l..TH* 1) - CO.1INA
SflnC (%lR.TW*I) -• VT(I)
Fqr (NFrTN,,2t : FIELD
Fur 4 FNTU.3 * SE3CoL

N5rp3 - NPRTW # I
GO TO 568

567 KK"O
568 CONTINUE

FlT (NFSTV) -SiEND
F014 NF TVUl1 I R]GHT

! 6 *E (6,fPT (STOIE (3) J-.1. qPiIrV)WRHI! 6 9080|
C CALL RAFRNT 9MS.N.N6.6.WNfr.I..' :66111PD.•o3..),

CALL NAPPNT NS.NS6 a.N5 w, m IG 1N 12.t3)
GO TO (578.170,575 575 Si7r3 , fi

570 CALL NODI(GNOMA.HO;,CAS,NIN2iS)
rGO TO 578

575 -'ALL RODE(UNONFHIO C". NS.•N1 X26j
578 G TO (550 590,606,biO. 0 22f ,IIPITE
580 WPIT.E(6 Q96)

GO TO 630
590 UPITE~t 9100)

GO 70 bs0
600 WRITES (6110)GO TO 63
610 NIITE (6.9120)
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GO TO 630
620 IFITE$6 9130|

C SAVE U-i. 6ps; LOOP smOmn
a30 IF(IGRUT! oGT. 1) GO TO 1035

DO 510 Is1,NS
DC 5;10 J3- US

510 WUCOE1I (I 4|=&NOEN (1 3)
C)LL flr"b N SQUNONMl1,0 S .DD DI. 2)
CALL RAPRN T(MS.NS,NS6,NDRhII4C (6(1,1PD13.6') ,
RETURN

1005 CALL HrIN•TS, WMORMHN@FDD DlD02)
CALL RAPRNT|(NSNSNA,6.INoR,4, t (6(1[,1P013.6))')
RETURN

SUBROUTINE TF(,. NM•NSQ A,AAo.RBDNL CCNIFD'ND BB,CCSCP."" EVE. EWI PR H 9ZCeP,.•- 1, D '0 0DD EP S'ý P, 7TX)
IrTL.C* RELL4,(A-H,

6 _-Z)'
DIHFMSIOM A (NIN) AA(BN (N.m 8S.(N M) ,C(L N.,CN L,N),D(L ,": DN l i H (N) . PfI .S . C2 i d.

C SAVE CO•n T pg
4 

N f O ba ND CL SYS VIrH NODAL WORK DONE IN OPTSYS
I?(1T11 .EO. 1) GO TO 50
IF ITFX .E 0 2) GO TO 5
CALL POLESIN RE NA AA A B L C PR PIrDl,2,JCFSCI

C CO.PUTE NODAL nITRICHs fO& LESIbUEd
5 D0 10 1-1.N

DO 10 J-1,3
10 AA(1•.3 - sc(rJ)
15 Do 26 =I1.]

DO 20 J.1,N
Cs (1.31 0.30
DO 30 -N

20 CEll, 3)CN(I J) CII K) AA(K,J)
CALL NIMT(NSQ DL A,, DDB,5ID2)
DO 30 I:l1N
M 30 J1 ;mNBR(Ia) i -DO

DO 360 KI'N
30 Et4I.•f b;.(IJ) * AA(1,K)"B(K,J)
50 cc. ' •ti.

Do 100 I.1.N
D0 100 J1.,L
IF(ITF .- E. 3)

"CALL ZEROS(I,, 1,IFDru, NN. AA,AN.B,L,C,D,BBCCCPEVP, EVIDI, 02,0 I E PS)
JITF NE 2) CA 5LL H a10 O3(1T?? .ME. 2) CALL RE1(C,3.E,3C?,NDNL,C*1.PR,PI,RES,0D,CZ•,1J

100 c ru

E ND
SURPOUTINZ CHECK(!P5, NC, Ns. NO)
DOOULE PRECISION EPS
CýaI•ON /CkOC/ rOL EQe .0I6 IIk .ss# IrrFIl.hIhF2,TF3,IFDFrwtE,11..'TkB

o IOD u,; IS ET, Z; r,? Ir 's 1 GB0
C SET !!DAL ANALYSIS WHEN OL EfnAYýs OR JL TF REQU!SIED

171IN !9.. AD. OL .EQ. l(a IOs
lrF7(IOL .00. 1111 .!. p Im-I

C CHECF TO SEE IF If 3ATPIX IXi'ir
- (NO .NE. 0 .OR. zOL .ýE. 21 GO TO 25
d 1RT_6 ,8000)

8000 FORMIAT (// H - MATRIX 3051 5B INPUT, I.E. NlCB .T. 0'), STOP
25 CONTINUE

C
C TRANSFER FUNCTIrO CHECKS
C

IF(IV .oý 0) z•'6
EA S T0. ,9 (-][ I

C OPEI LOOP 1.?
lZfflFl•-F 8 . 0 .OR. NC .t . 01 GO T3 -0

9000 r1ONAj•%I' tpMPUG| .ArFu MUST EE RBEQDESTEt'(I.E. NC .WE. 0) '.
* " .P0T OPEN! LtOP r. r. 'P
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STO P
C CORPEI SATOR TF

50 IF (ITF3 .EQ- 0) GO TO 100
IREG IsQm 0 .IND. (NC .HE. 0 .AND. NG .NE. 01) GO TO 100
TR T(26,91 0)

9100 FORNAATV//' LEGULkTOR AND FILTER SYNIHESIS ftOST BE REQUESTED 1N
SSTOP"'THE SANE RUN TO COMPUTE COMPENSATOR T. F.')

100 CONTINUE
C NOISE IF

IF(NITF2 -EQ. 0) GO TO 150
IF$.nE.N. I .11D. MC .$E. 3) GO TO 150MR.?! (6,920oO)

9200 FORAT (/1' 1OiS T. F. CALCULATED ONLY WHEN REGULATOR DESIGNED920 ID 'AHD GAMMA INPUT, 1. S. NG .ME. 0')
STOP

c
C DESTABILIZATION RESTRICTIONS

150 IF(IDST b .EQ. 01 GO TO 200
IF NC .Ex . 0) GO TO 200
IF(4N .;H. 03 IP!G,1

9300 FORMAT (/1' OESTABILIZATION OPTION DESIGNED FOR A REGULATOR OR '
*• 'FILTER BUT NOT BOTH SIMULTANEOUSLI*)

IF 4 IREG .EQ. 1) GO TO 200•~S T3 P
200 CONTINUE

C
C PSD INPOTc

IFtIPSD .EQ. 0) GO TO 300
IF PSO .LiT 0 .01. IPSO 3T?. 3) GO ro 250

IF yU -LT- 0 .O. flU .Gi. 2) GO TO 250
IF IWORM .LT. 0 .0. INOSN .GT. NGKM3) GO TO 250
GO TO 275

250 ,RI TE(6A q400
9600 FONRT0 3eMA , u"'S INCONSISTENT PSO INPUT FLAGS S&@*elt')STO P

275 1FIFREG .Q3. 0 .A70. KC .ME. 0) GO T3 300wplTE{• o 95 00
9500 FOcMA

4
rt'Ltb @b'1BTR A AF3ULATOR AND FILTEF MUS? BE PESIDENT ,

I 'TO CANPUTE THE PSD O A :ONTROLLED SYSTEmN')

300 CONTINUE

END
SUBROUTINT POLESI(N NRA AA.N.B.L,C.EVR,ETIDi.D2.JcFSC)
IMPLICIT REAL(-

-, ~~DI"qEnsIOw 4(mN,) RR (Xef, B( R ,CfL,P),F.VRt|W) nr (1) Dl(Nj,UZ (Oil ,
=•,• ," JCF (ph. SC (M.i

DO I Jul J

CALL BVLA C 4N MIAX Low IHIGND1)
CALL O•%h!S (Nfn:N:LOGC.,HIHr, 2A,02)
CALL OUTFRAN NI5 LOi. HIGGH &A D2 SC)
CALL HR2(N1N,N:LdV,IAIGK &Lda EYIS,IE.R)
]F(IEBR .N!. 01 GO TO 116
CALL EALBAKNC.J NLOS IHIGH, D1,4,5C)

101 FCR5A4(1///ANR TF 0XWO.nntOR SIGENVALUES:)
DO 2 T-1 X

' URITEct, 1i04 EnV(,l li)
102 FORMAT (;!4XK,3 H (736"v*(?36 k

R;ETURW
110 fPI ETE6.9000)

9000 FOAnvt(' .rAILOER IF HN2, CALCULITIN7 POLES')
100 FETURN

END
SUBROU".INE ZZEOS I,,K 2,I:FDP., S. Mr., A.AA. ,.DL,C.D, BB, CC.CP,!YP , EV
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S D I 02 EPste A H O z
IMPLICIT HAELOS{(-RoO-DC

DISENSIO I N LI f( N oB f j,.4) C(L, N ND (L ,.N 8 5 (M)NCC[(N ,C?(8()
S EV2 IWN) E"3 D1(N)02(I;
DOUBLE E ISt&SON LLDHAbs
DO 1 I=1,11

-- -1 1 -'C48(1*1)

~ ~ 1 F T !__ _ E 4£ ,6 . 1 0 1 ) g K 2

-101 PORKA (///,17h T FOR INPUT NO..13.15H AND OUTPUT?
IF(IFDF( . 0l ) GO TO 2• •[]i| fHf D(K2.,Ki)

IF(DABS(H).LE.EPS) 0O07 2
JJ .N
GO TO 5

2 NN=3-I
Do 3 1-1 NM| ii -scl hiee.c)
•CALL ýC,1P(N R AA,,CCCP)
IF-(DA5S().GT.rpS) GO TO 4

3 CONTINUE
H-SC (, •B.8CC)
WRITE (6.1021

102 ?CRMIT(/1 5X,26HNO FINITE ZEROS. rF GATNiFI3.b)
GO TO 100

5 WRLTE4(6.103) JJ H
103 FORRAT(/ 3X 2OHSRDER OF NUM1ERATOR -,L3,9X,1HTF SAIN-.F13.6)

CALL ACOhP4 NM AA, NBCC,H)

CALL BALANC(N., N, AALOW ,HIGH,D1)
CALL ORTI4P.S(Nait lLO6 ,HIGH, Ak D'
CALL HOD (NfltM LOG Is-H Ak, EVL iVIoERR)
IF(IEPR -NE. 6L G6 TO 110

ce~rrvcbre~s~cr~rm so
VRIT! (6, 101,)

1a04 FOR.'NAT(/,3X.57HNUMEP.ATOP SIGENVALUES (INCLUDING EXTRANFOOS ZERO V
1LUESj :)
00 6 1.1 N

6 iSPIT!(6.¶05) EVE (IL,EVI(II
105 FOR.AT(/,41, r ,.13.6, I JUF13.6,) *i
100 FETURN
110 WI ITE(6,9000)

9000 FO. .,;T(' FAILURE IN H.Q0 CALCULATING rEANSFER FUNCTIC11 ZEPOES,)
" ETURN
END
_3SUPOUTIU ACONP(NN?.NPB,AHN
NEAL'A A b C H
DINEIISIOl I(KR. N),B(F) ,C(NI
m "DO 1 1 ,1.
DO I J-1,5

END
SIJB!OUTINE CCO2P(N, NM ,AC. :CI
P7AL("8 A C CC
Di'z:;SIIOh I (. NI *C (Y) ,.C(!)
DO I I-1*N
CC(II -0.
DO 1 J-1,0

1 CC(1) -CC() .C (J) fA (J, I)"DO 2 1- 1 NI I•2 C(•)-Cc (lj

EiND
i iuC•:TOl SCLI.N,B.C)
1F•ALP 5 C 5CL
DIfw. NSJON B (q.pC(t)
SCL*0.
D0 1 Ial.
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kV

I SCL;SCL+C(I) tS(I)

END
SuBPOOTINtE RESID(11,K2,.,J3F,9,5.L,-".,R.PT,3ES,BTCCIPTI
IrPLICIT REAL-8(&.-HO-4 1  " E " SDIMENSIGN JC?(N) ,B (,MI,C•) S (LY),PR(3),PI(N),BDES S ),sa jN) ,CC(.w),

©DA•TA )S~ N O!,g.T/,C l,8H Z/.02/sHEX? kT) /

DATA ZERO/0.O D I//B'Trr.& BLANK/8i /,CS/8H*COS(a'T/
DATA ED/iI)/"C TEMPORAR .'100 TILL JC? IS C&LCULAIED
00 5 I-1,9

5 JCF (I)-O"C TEPORARY SODIFjTT LQ. 1) PITE(6,9013)
9000 POmgLT(?//l.3,HESIOUS k7 TaE POLES:'/:T16.'P 0 L E S'.T41.

S ''R - t I U E S'./,T9. REAL(AI '-rT6.1NAG(S h '
DO 10 1=4;l35(1) = 3 (l, RI)10 CC(I) - CN(KZ.I)

C
C LOCP THROUGH THE POLES
C

1-0
100 =I.*1I?(I . T. V) GO TO 500

IF (JCFI ) .60. 1) GO TO 323
IF 'DABSPI' (I LT. I.D-lUt GO TO 203

C COOPUT 5IMtLE COMPLEX POLE REaIDUT S AND PRINT BOTH
RES (1,) - CC(1) b3 (I)ý ( CI*)'38S(I.ILS(1141) CC LI) B3$ ('1,I --. (1'1 $lfl (1)
IFI PT .E. U) GO TO 10PitIT -1 c m:.NPRU21 -R2ANK

14 P1 (1) .EQ. Q.DO) P1LT(2) - BLANK

PRT(jSl P C(S(
PPTI3) = lURIT (6,9020) PR(1),PI(I),RaS("), (PRr(J) .J-1.,•

' 1111t(6 .9020]) 1(| P (t • S Ii ( R () J. .I
GO TO 160

110 I I *
GO TO 120

200 CO04TINUE
C COMPUTE SIMPLE PEAL POLE RESIDUER ES(MI - cCC( "I &SO Q 1IF(T. GO T 100

R!3 114.C (IIS(
P.4T (2) R2
,RT (3h BLANKpFu) ju ?•LkNK

waltý T .90201 Pa(l) ,Pl (r) a Es (I , (P•a (J}g J.] 1,4)

C LOOK AHEAD TO DETERMINE SIZE IF THE JORDAN BLOCK
300 K-1

KT.N-I
PO 310 J'IKT
310rCF(J) .EQ. 0) GO TO 322310 K-l *

320 C•OTI NUE
S(ORBS (P1(I)) .LT. 1.5-123 GO TO U05

C CONPUTE R?. EA TED COnPLET POLE AND PRINT JUT ALL ?OURK.1

Er5 (I' CC(I)1 C241 1 BI

ts (T L) "CC (11S55 (I* 3t'CC It 1) 'i5 (13i2)
BPS (131 CC Is 1B3*3 -CC *1)+ B5(1+2)
lP(IPT .Eý. O1 oo TO 340
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1? (DAES(PR(I)) .GT. 1.D-10) GO TO 333

PRT (1) LE LANIK
330 PST(3)ICS

F-!? Q) 2,0

9020 7OIH1 9 W/,,, 2'.13.6)318,
9030 FORMAT i/,' Il, ('13.6o' ,3 ':F13.6,','' ,IX,' (,13..6, ',?A4,-22

PR? (3)4 1
1-1+1
WEI- TE(6 9020) PR (1),PI1(I), aeS(I), (PRY(J)IJ= I,)
par fil4
Pr• (2 :tm2
F(411 S(FR (1)) .LT. 1.D-103 PET(2)UBLANK

PA (3- CS

RI TE (6 9030 R P(T) , PI (I) , FES(I) , PR• (1) ,K, (PRT (Jj J- 2. 4)PR?' (3)43Sl
Tfl÷I

"VUITE(6 90303 PF(I).PI(I),RES(1)lP•!l().K,(PRT(J).Jt2,4)
GO TO i6o

30• T -a + 3
GO TO 100

C COMPOTE jEPEATED REAL POLE RESIDUE AND PRINT OUT .LL K OF THEM
400 CONTIYUE

KT: IK-1
4N~ 0
DO IA20 JI.KT
%NzNv 33

DO 410 JJ-J AT
1110 r$(j)'ps (5) EBIBJJ)r.CC(JJ- NN*I)
420 CON I 'GE

(?IPT .EQ. 0) GO TO 40
NN-O
PR? 13 -TI
PRY (2) wR2
PRT (3) BLANK
PRY (I& .BLANK-~D -- "- O 30 J-I.KT

11i3l0N E(6,960a) Pp(J).Pi(J),HES(Jt) PRr(t,N%, (Pr?(3JiJJ-2,0)
4- -30 I N ;.11 INGo To IaQ

-U40• I . KT
GO TO 100

500 CON• •NUE
RET U R N
END

C
C --- ---- --- - -- - - - - - - -- - -- - - -- - - -- - -- - - -- - -
C

SUBROUTINE EALANC(NM.N.AUL2VW.fI:I.SCALE)
C

TNTG'GP T ,JJ L N 1 NJ,4M,IGH,LOWIEIC
F;;A LeS Api"Iff ~CL(NNAR in C,?.,R •.3.] 9 $2, F 1011
RE&L!e DABS
LOfICAL 4OCOSV
DATA PADxZ/z4210000000000320/

C
52 * ;ADIX * RADIX
K I
L N
•,O TO fl0

C IN-LINE rPr)CDUHE FOR P3W AND
C COLUMN EXCHANGE :::.

20 SCA LE (ML -.
IF (J .c0 ) GO T0 50

DO 30.* 1i L
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-, ().8I

30 CONI IN;OI
C

DO 4O 1 9 K N
F A (=

4,0 CCNI IitE
c

50 GO To (0.130O lIC
C ::::::::: SiARCH FOB ROWS ISOLATING AN EIGEKVALUE
C AND PUSH THEM D393 :.

80 IF.U :Eq. 1) 50 To 280

C FOB J-L STEP -1 UNTIL I 03 --
l00 Do 120OJJ 1,¾ L

1J - L ii - JJ
C

fo 110 1 1. LI F ( : v J G O O T o 11 0
IF k . 0.0O0) GO TO 120

110 CON 1TI 2UT
is aL
I-VIC , I
GO TO 20

120 CONTINUE
C

GO TO 140
C SEARCH FOR COLURNS ISOLITING AN EIGENYALUE
C AND PUSH THEM LEFT

130 K 9 £ 1
C

1110 DO 170 J- K. L

CO 150 1 - K, LIF(1.113. 3') GO0 TO IS0

"CIF F1(E,) .NE. O.0oDO) GO TO 170ISO0 CONTI <E

IEIC - 2
CO TO 20

170 CONTINUE
C :::: NOW!:: NON BALANCE THE SOMiATRIX IN ROWS K 70 L

DO 180 I1 K, L
180 SCALL(I) - 1.0DO

C ITEVATIYZ LOOP FOR MORN REDUCTION :::.
190 NOCCVV - FALSE-

C
DO 270 1 - K, LC * 0.0DO

c 0.0400

C
DO 200 J * K, L

IF (3 .10. II GO To 200
C - C 4 DAbS (A(JI)I
p - P. DABSA(1.1)1

200 CONTIN•E
C GUARD AA:.NST ZE.RO C OR R DUE TO U%ýEPFLOW

IF (C .E. 0.000 .OF. R .EQ. 0.3D3) GO TO 273
G - B a ADIX
F - 1.0DO,! u C *R

210 1? (C .GE. GJ GO To 2201 - F * PAD!i
C. - C * 82
GO TO 210

220 "• * F -,ADIX
230 IF IC .LT. i GO 1o 243

IF * F/ l!
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C *C / 2
GO TO 230: NOW BALiNCE:::::::::
-2P0 i P 4C * R) / P G ).95DO s S) 30 TO 270
G , OfDO f t)

SCAL CALE(Il S P
N flOCGNE .TROE.

CO 259 3J f*i
250 A(1,J) A(I3J) * G

CO 260 J - 1 L.
260 (J.I) - A(wr) " F

C
270 CONTINUES~C

IF (NOCONI) GO TO 190
C

280 Log K

c
S0• iOtT IRE ORESl~l•$(4 ..,N ,L0V, IGH, k. 0Tl
INTXGER" t Jo.11 Nr,rii LJA,11P ,~.I Gli.KP 1,LOVl
P1•ALl8 s xi{N ifir,;|.l []iGhIR E. Ls a FG h E
REAL8 Z)ýQla: DABS. DSI0G1

Lk IG ICPt

C IF (LA .LT. KPI) GO To 230
Do 1'0 ER r KP1, 1-4

GET ? O.D0
SLCAR 0.D•0& 0

C ::::$. CiL.-' COLUMNIl (ALGOL i'OL ZH" NO V!-EDID)
zo0 90 1 = 8MtEIGHl

90 SC ALE, ACL DRES(AI.•I-I1)|
C

I• (SCALE S1Q. O.ODO) ;; TO 180

C ::::::FOR I,*IGM STZP -1 UNTIL R DO- :::::

C

H :E -0.T000 •
OR':[.') - 0.00"0 -G

C S: :: kLZFO," CI-OLUNN (ALGO l• ::::EM : NO EO10 190 I = ,IGH

90 SAE- sct.3 AS((1N-)

C

A NP it
011 •* 4 I 91) / SCALE

100 CON;T.%NUE

iC

G -OSION (D$C.R?(H).3PTC)
Hi H OR 7 t

3010J- 5., 5

9 IO

c .... I-"=' '. P -1 , . • 8.DO

I - lP -If

110 CONTINUEr "" 13
C

F P/
C

10 120 r "IN. [GH
120 A(IJ) 1(1.3) r ORT~l)

C
130 COx-iTZVU
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c POSI'l (x-tU-0171/H) ý1AS (I- (U'IUT) ,1)
D0 160 I - 1, [G

IC :- FOR j1-TO sTEP -1 UNTIL N 00 --
DO 140 JJ 1 1 ; IHN

F - FI ORT(J) :" A [1,J)
140 CONTINUE

C
CF

DO 1SO .1 ItN IGH
150 A£4,3) - £(41J) - F • ORr(J)

C
160 CONT1IMUE

C
OFT(M) " SCALE * OT5..)
Ar SCALE * G

180 CONTIN6E
C

200 PETURl
C LAST CARD OF lrF ::ES

END
C
C - - - - - - - - - - - - - - - - --- - - - - - - - - - - - - - - -

C
SUBROTIIEt 0R-PAN (MM, N,LOW, -GHA,OBTZ)

C
INrEG• I . .464L m f.p 4?1 rAGH LOW, P1
REAL 4 Ai. :84?rIdIG

r" ftriL-8 G

C
C NITEALIZ: L tO tD!NTI?1 MATZIX

DO 80 1 " 1, N

Do 0P - IG[ - N1

C 60 Z(LJJ . 0 .0uO

eo =c-dP ,P -Z17 10) - I .P1 DO ;
800 CONT ,0)(6 ,Lp

c
9L - IGH - LOW - I

- IF. ('L 11. J '0 TO 200
: ir-"ri-' srOD -1 UNTIL LOWti DO

0 10 11M 0 a 1. PL
HP - 1GH - AR
If (A(N .flP-1J .EO. 2.300) a• O TO 10
API - ip .*

C
Do 100 4 - 11P4 If3N

DOQ 130 1 - N4P, I / ,
C - 0.000

C
D0 110 , * IS" 13ff

110 G . G * O21(11 r L11.31
c . DIVISOR LU.OW :5 NýG&A3IVE 0! H F0P¶E0 IN CNTHFS.
-- DOUBLE DiiSION AVODS P0ShLE UN 0 OOF LOW

G JG( / (44 (1TP~ / A 41irr r.P-I)
C

DO 120 I1 P 3
120 i(Y,J) a (15 *3 21I

C
130 CONTINUE

C
.�IsO CONTI.U!

C
200 gILUV

C :.::::LAST CARD 6? ;Rrr RAv

C
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C SUROUTIU HQR2(VjjNLOuLWI;H.HV9 1 e .V:. '

- INT-;EE tJKaL.A¶MIEl iI,1J.LL.•ENA *!N.

IGH ITS LOW,•F'i, ElN 2. 1E5R][ •8~ ~ F rr .Ni Z/ •RNe ZN'q N)

,EAL 8 D §T; DY8., TL. iC 
EP

• "" •T LT:;LDLe slot

INTEGER MINO
LOGICAL NOTLAS
COaptrr¶16 Z3
COMPLEXr16 OcMPLX
RE&L-8 DREkLtDI..iMG E

C SATEIENT PUNCTZONS -- kBL- r ! -- 'IOS OF REAL AND

C IMAGINAR P ARTS Or DOUa3LE PRECISION ~E u5P

DREL 3 . Z3 .0) 1
DviAL {3j . (0. 3Df-1.0D,¶ * Z3

C DATA t¶ACHEEZ3'10000000000300/

lEER 0

NORM 0.0oD

CSTORE 
BOOTS I5)LATED BY

C AND COMPUTE MATRIX NORM Z

I0501 -'.

DO UO j3K N

Q0 NOSA .- N)OSEf 1 DASS (KItI,3))

I .Gt. LOi .AND. I .1E. IGH) , :o "
IF . '

WP 41 * H(I 1)
.. 1 1l I 0.06)0

so CONTI u o
Etll IG H1

T * .000 "..: : AC 7f IEXT EIGENV ALo::: ..::

60 if (EN LT . LOw) GO To 34&0
ITS 0
NA . EN - 1
ENN2 NN& - I

c,.............. LKOO FOR SIrLE SIALL SUVK-•tGa• ELEMET

C FOE LEFN STEP -I G"TIL Lod po-. I:. ELEME:T

70 DO 8O LL - LOW, EN
L - EN + LOd - LL
liF (L EQ. LOU) GO TO 100
S • •ABS (H-(L- L-1 ) * DIBS(H(L. LI

:.• ~IF iS .sO-..0uuu $ *3R

IF (DAES(H(LL-ii ,1 .. AC.IE P ) S O TO 100

-0 C O IT I N 
f!

100 :.:t:&: FORS SHIFT

IF (L . E-EW6) GO TO 270

I * H" (Hg,"I,%A
v& 1 .E hA G TO DD

IIP RITS :N-i" 1U .A&. ITS ME.. 20);3 TO 1I0

C :.1 : I * FoiM t X " CEf- T TICN A L S PIT F
T - T
00 12 0:LOW, EN

120 H(L,I| 1. (if - I

C S.33LB SI!(rFg
7 1 1 ') * 0125C (NA, SEd) I

= 3.7.5uO"

* 0.437500 S *S

130 ITS * ITS * I

83



C :LOOK FOB rwO CONSECUTIVE SMALL
C SUB-DIAGOSAL ELEMENTS.
C FOR 8-E3-2 SrEP -. UNTIL L DO -- . :

DO 140 5l ' L ENZ2
M ENN2 L -

* L x -i
•. zz H (H(•

R x I d It• T, - - ZZ

P - (M i S - W) / H(H5*,11) Is. H(m,11)
!== I(P.1,5.e - zz - R -

S DA5S(3) * DA033(Q) - DAS(R)P p /
Q- /S: •~ : a

I? (F .EQ. L) 00 TO 150
IF (DABSs(H(M.,-I)) " (DASS) (0- DABS(1)h) .LE. EACHEP DALdS(P

I ", DABS 1((-1,5-193 + DAP-(ZZ) 4 D1S(H(M•l,.+1))3) GO 7O 150
140 CONT'I 14E

C
150 MP2 - m * 2

C
00 160 1 a fP2f EN-•° ~H11.1-21 - MO. O

-IF (I -z. lnP2r GO TO 160
"I. 1-31 • 0.0O

160 CONT HOE
C DOOBLE QA STEP INVOLVING ROWS L TO EN AND
C COLUMNS B1 TO EN

DO 260 K -. N N&
NOTLAS k [ . NE. NA
IF (K .E. M) GO TO 170'i ~P - H(I -l
a - H KK-1)
R - 0.000
If (NOTLAS t * H'K.2,K-1)
X = DADS I# DANP(Q) * DASS (R)0. . 0DO) MO TD 260

170 S * ISIGN(DSQITT {pbPe.j8 'RIF) .p
A IF (K E.. OTO a80

f;O T 140
1O IF (L N!. N) H(KK-I) * -H(K,K-t|
190 P - l S s

I QP/ S
-- -- zZ P / S

C u z toor0ODzCATIO zN-;z
0) 210 - .KP , H{KJ -•Hff(, t.J)o

I ' (. 40W. OLTAS) dS rb 00
"P - P *2 " Hp ( 2,J i

200 M( It+I) J1 H(Kml J) - P T I"
NjP41K 3) - R(K.,J)

,210 Cl T . Nu

• . :: :;: ::: ,.O •VnK 3OorIFCATIO.4 :::: :
DO 230 I * 1, 3

___. P * I * Nl IlC) 4' 1' NA 1(141)IDO (.30T. NTLAS) GD Tr ,20
-'. p * P * 22 *) K(I.K*21

220 ( K*) (I,,'2J - P t 1
220 *1,1 | 1 (IK.K1,IK - P ' Q-- '-'-H (I.K) * 11(1,.5 - P
230 COUT IK62
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c ::::::::: ACCUN90LATE TRANS FORMATIONS
DO 250! - LOUW IGH

PS-I *(16K)I 2.(K+1)
IF (.1OT. NOTLI GO TO 240

a p . 2z i z(1.•1421
Z(1.K*2) -2 ( .Z2) - P * 3"240 Z!IK-11) -Z(I,*41 - P ) U
z( K) I Z(I,•] ;

250 COUT E ( -

c
260 COITINUE

C

C....... . :. ONE ROOT FOUND-...........
270 HEN ZEN) T

WN(EA) : H(EN.N)
wI(EN) - 0. OD6EN ;OIA
GD TO 60

C .... TWO ROOTS FOUND
280 r - IT - X) / 2.000

- S OSQPQ* V
H(EN .ENL ENX*

IDQP (DABS!

"(Qo . LT .0001 O TO 323C .... ::P EAL FAIR :.;:. .:'c I
2- P + DSIGN ZZP)

tA R 'A) wk I 4 2l*(W'R ( EN~ , WR (HA
IF 4Z .11. O.ODO) ,S (EN) W I - , / ±-
W'I( O. ODO~I (EN) 0.0e l • = H(Fh.NA)
S DABS(I) * DABS(ZZ)

P t/ I
S:DS RT(rPýQ*Q)

" Q" aO/ A
C .*. 7.:..O: qOW !ODIFICATION..:........

-- 0 290 m k3 N

ne - J1 -- Q * H N , 1 . L
i 2•93 C04TINOY

C COLURN RODIFECATION
DO 300 I - I, ENi J• 2: * 'i!(oBA)

HIINA 3 (I. Ell)

300 Coi•? TEU
C ::: :;:.:::: ACCURULA.TE EIANSOE.IN.TIUNS

DO 310 1 . LOW IGH
zzz •,wzf

310 CONTN•CE E " "(IEN' ""P;2
C GO TO 330

C C0MPLYI PAIR
320 UR (NA)[ I * P

UP(ES) = 1 2
wTIE(NA- UzWI (EN) t -22

330 E N * NN2
GO TO 60

C ALL ROOTS FOUND. B'ACKSUbsTIrI1. ,0 FIND
c V'CTOS OF UII ?FIANGJLAt p01,..

3'40 IF (KOPH .2g. 0.ODO) GO T3 1001 ....

c FOE r N- STEP -1 UNTIL I 03 --

85



6 0 0 i E N 0 0 0
"EI " ) . ,, G T 1
P 13 ( EN)

R REU

1?i • 710 600. T00

C DO ELL. v NTO I -
600 B EN

l 620 (( (GE.EQ. O) GO OO 830
•mi. :C:: --.:: FUR 1EU1- 5STF -1 UNTIL "- . - :::::

• •mDO 70 1I= 1. *&
~I =EN - it

GOA) oO 70620

l : ~~3 "O 61 . i

!610 
B = 3 *" H(I,

5) ( , )

620 IF (UWI() .GE. o.003) Go TO 63.:
1 = H

S~S-I
• . GO 10 700

S630 I• (WI(I) .,45. O.OD0I GO TO 6A..Z

~T - W
IF (W .EQ. 0.00T) T MACHEP 3 R5 N
H(I.Etl•; - -R / T

m ~GO TO "•0
C.... : SOLVE REAL EOUATIONS

.... 0 H I I+11i 6qO T ,$i* 41 I)

H I -' I I A ?) - VI -- 4I% -l (X)

LAS. _DADS (52)3 GO 2:o5O

Ha (-P -• ) / )

650 li 7 ,7 8b I (-S - Y T) ZZS700 HojTI.1,UEN
i r7NTI flE PEAL VECrUP

lGO TO R L0C :: ::::Cuf.PL±.IVEC7DR ::::::::

710 n - NI
C: LAST VECTOP ComPONENT CH'"-- -q 

1 t
l,--;NART SO TIAT

1C IGE4VECTOB• fATRIX IS 7,•-' *'-ULAli
1IF (DAbLS(H (EN,.N . LL DABS(H(N L. ZN))) '3 "720

H (A:ANA) - Q / H_(E_. .A)
/ H (A.Ei " - (4 (EN. E) - PE / H()., 'A)

1G 730-.
720 Z3 = fClPLý(0.0ODO4 -H('AE!I) /

H(NA,,:A 3 - 0RLAL(..) 3

730 .(!N•N4A - 0.ODO

IF ENfl 2 - A -E1 0o. GO o -3Cc

-2 -1 UNTIL

:)o 790 ir - 1 £,Nmz
,n- MR - It0D

S A - (.4

C DO 760 J a H9 NA
A - PA * N(IJ3 f 4(NA

Ph " SP. * H1,3 3' H

760 CONTINOE
"C IF (i) GE 0-012 GO TO 7-

1v
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S -Shk
GO To O790776 it, a I
I70 VI Go o 780Z3 - [X i'%&(-•-' / I-.FPLX(W.Q)
m = -3EAL (53l

H I, B IAG Z3

CONTI CUL E2UkT,

C ~ ~~~~ RIT! S0, IOATDROT

VR• - (V(% PP1 S (1) + V) 1 W(1) W 1 (1) Q Q
VI - Wu(I -OD Q•t2 0
IF (y] 0.LOW .A0 I .LAso. vr Eg. 0.TOO) VR -SaCaP OOR

vC (DABSI ) + DABS(2 0 DIBS(,l Nt DApS (y ) + DXBS (Zz73 - DII•PLX(IO'R-ZZSRA*O*Sh,lXiS- Z oS-9'•L / DC'l LX'(6, VT)

8 I.3) - 8(13 Z3)I ,£( DA S(X)- 0•A.t. D BSsiZZ) * •A 0S( GO T:) "7I's

HA .VO t (STE - UTI L O H 1k -/

DO 880 E& H3 IOW

GO TO 8 9O785 Z3 - DCZIPLX(-R-Y6R(r, 44),-S-l$K4(I,N|) / DCIPLX(Z%,Q)
SII*l,Nk1) DR)PEAL(I3|
H 1*1,EI,•M DIPAG(Z3|

790 CONT NOE LC :E COPLEX VE3CTORNVEGENE:T: A
800 CONTIU-E

100 11ru0

C ":::::: E0 BACX SOHS&Ir'U 60TS
C LVCTORS Of ISOLTD R:

IF (I .GZ. LOW A&ND. I .Lt. IGH) ;0 TO 840O

C

820 ztrj) IZJ

cC

840 CONTINUE LC ::::': 1U|.TIPLY BY TRANSFOAMATION MATR•IX TO 31VE
C VECTOFS OF ORI,3 tNAL FULL MIATRIX.~~~C FOR1 J-H STE.P -1 UNTIL LOW DO--11:11

C DO 880 JJ LOW, N
,1 a ,v t•Ou - jO
M - IIINO(J,113H)

DO 880 1 -= LOW, IGH
ZZ - 0. OO0

C
DO 860 K a LOLO860 ZZ - ZZ + Z(,) 'i(K,Jn

C I"( Z. ,J) - Z TI ,860 CONTINIUA
c£

(O 0GO TO 101
S ,- :i:: T ERROR -- 141 CONVERGEC7 TO ANC10 R -£ !IGE4VAiLUZ AFITER 30 ITERATIrONS :::::

1001Fi• =LrU-- " ~~c :: : :: ; LAST CARDO OF H'•R2 : : :: :

SUROUTN

ItCTVGFR I iK ft ,' n,I,-•.IH,LOkl

IF Mn .0 01 GO TO 200
:~I 'Ir(Gi'.ig. LWIN GO -"0 123
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DO 110 1 LOU, IGI
s -, SCAL'(rl

SC CLEFT HAND EIGE2?TECTORS ARE BACK T2&NSFORM'D
C IF THE FOREGOIN5 STITENENI IS REPLACED ST
C SsIýODO/SCALE (.:

DO 100 iii 1, I10 (,J (1,J) *S
; C

110 CONTINTE
C ::::::tz FOR I1LOW-1 STEP -1 UNTIL 1,
C ISN't STEP 1 UNTIL N DO -

120 00 140 11 - 1, 1
I - II
IF t .GZ. LOW .AND. I .LE. IGH) 0 TO 140

IfI LT. LOWJ I - LOW -II
K -SCALE(I)
IF (K .EQ. I) GO TO 14O

C
DO 130 3 1*I, 5

z l Z(K, J)

130 CO NTf);K;6E' J

140 CONTINUE
200 RETURN

¢ ::: ND:z: : :: LAST CARD OF BAL OAK :: ::
END

C
C --- ------------------------------------------------------

SUBROUTINE 9ORENNNLOUISH !,NRV1.ISRR)

INTEGER 11 J,KL§",N EN LL, N,NAH,I;RITS,LOW,1P2.ENN12,IEUlR
RLAn H. ,r , I 1

REALO8 nkh- G
INTE•CER M NR
LOGICAL NJO1LAS

C
DATA NACHLP/Z3410OOOaooooo000/

C
TERP - 0
MORN * O-ODO
K1

C STORE ROOTS ISOLATED BT SALANC
C AID COMPUO! MATRIX NORM:

D. 50 1 -, N0

DO "40 1 K, N
S0 MORM * NOUN * DABS(H(I.J))

K . I

IF p .GE. LOUV AND. I . LE. IGH) ;0 TO 50

50 CONTIUE

T * 0.000
C SEARCH ro.? NEiT !IGENVALUS

60 It l1, .LT. LOW) GO TO 101f
ITS *0NA * ER - 1 i

!NK " "A - 1A
C L)OK FOR SIvLE SALL 3US1-tIAGO?:AL ELEM!ET
C FOR L-EN 3T.P -1 UN1TIL tO, 04 --"

70 DO BC LL 2 LO• 'N
La 7,3 LQi LL
I" (L .Q LOW) GO TO 130
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S a DABS(HK(L-1 L-1)) , NDAS(B(L,L)IF ( SQ.Q o.oDo; 5-lMOPSe
IF fIDADS(M(LL-71 .Le.018•.ACREP S) GO 100

80 COliIN "
C _:::.:,. FO1RM SHIFT

100 1 H I (11.1i
IF (L "Efl) I GO TO 210

H E N N- Ht N A EA

I1,F (L,; GAT 20
IF Ii5 ) GO To 1000
IF (iTS .1£- 10 IND. ITS .VE. 201 5:0O To

c ::::*. FORB ZEICEFTIO.AL SHIFT -

C
DO 120 1 LOU, El

120 U(K.I3 = H(Io.1 - X
C

S DkBsAH(EU.,&)) + t3St( (NA,EM32))
x 0.37500 0 51' I
V - 0O . 3 7 5 D O e, S * $

130 ITS ITS * 1
C LOOK ?OR TUO CONSECUTIVE SMALL
C SUB-DIAGONAL ELEH•NTS.
C 1108 MN-2- STEP -1 UNTIL L Do

no 140 m" a L, E5•2tN £,143P2 *, L - .MN
12 - 8l(8 Njt

p I I zs
S - I- ZZ
P - (n S - U) / H(So'lM (

? H (n.21 9.i1 - A -

S a DADSSt) + D ABs() DAS(S)

0 S

IF (15 .Q. L) GO TO IS0
3 e DAbS H £-1,,-1)) A DABS( A. Oh Sl . jO.

140 CONTINI 
+

150 NP2 N * 2C

P.01.1-21 - .0D0I0 160I . .1P2 W OU6
Mir.1-3|• O.ODO

160 CONIII"E T•.TO
C :::.:::t: DOUBLE OR STIEP INVOLVING RS . TO EM AND
C COLUMNS .'5 TO El

on 260 I -. 9II
NOThAS A.ME. IA

( "% ) Go TO 170

0 0000
It (NO-7LASJ I - K.2. t-
I DAbSS•) q DA* A 38) 4- DAeS(•)

(1 . •. 0.0D0) GO 260

1,10 S Ds G (CIDS QRT P21 -*Y,/;3•RI,)
IF (K .0. ) TO

"JRo IF IL .- E. M) H(K1.-I) - -H4(K,5-1)
190 P P S

1S

I 8



R P

: : Oy .'ODIFICAYN :::RW
*DO o10 . - i 9 "oý - a (K if * Q , :K ,(K.Jr

IF (.904. MOTL) O'i ~P * P * IE S N(K•.2J)

H(K+2, - p1U,2)
200 HlKgJ c i j,
210 CONT hWhE

C
m3 * ll" INO(EW,K+3}

C C:O: L. ODIFICArION""•60236'r L, J
P = I H (I.Kt) + r I H6(I .f+
IF (.NOT. N

6 TLAS) GO TO 220
v + P ZZ * H(IKt21
H K*2) H(I.K.2) - P 1 3

220 fKll 2 + H (IHI l - P v Q
H( K) - K/(I,K} -

230 CONT±iVi -

C
260 CONTINUE

C
GO TO 70

C : OWE ROOT FOUND:::::.
270 W(ENJ :, 1 ÷ T

WIlENR 0 .0 0EN A,

GO TO 60
C .WO ROOTS POUND

290 P= Y-Z) / 2.0DO

SDSQRt*(DABS(Q))! ]{ = I #, T

1? (Q .LT. 0.00) 0GO TO 323
C :::::::::: RZEL PAIR .

ZZ - P D DSIGE 1 ZZ.P)
WR( -)"6 0) I÷ JE) V" ~~~~~~~IF WZ WHE. 0.OO RE}• -W/Z•'~A : I-D

UWgER)*)K -U / O

GO T0 330

C ::: ::::::: COAPLEX PAID
320 WRN(NA) I + P113 (EN) - I * P

W(NA) -Z"v MI(EN} *_-Z
330 EN -ENM2GO TO 60

C :::::::::: SET ERROR -- 4:J CONVEhGE.-! TO AR
C1000 IERN E EIGENVALUE AFTER 30 ITEPAIIOws

1001 pETURN
C ::::: :: :: LAST CARD OF 2R13 :::: :: :

C---------------------------------------------
SUBPOU:IRE PSOCAL(,r2,.45FE TA ,NCGtd,;V ,,.OkIT lUH,

1 FBGENG ,;ANAr-L,.!aIDs ,o2,,JcAL,,s.EQ k,.:.it.
2 IPSDINdRf)}

C
C PSDCAL CnMPUTE5 7P.11 FSD O? OUTPUTS OR CONTrOLS OF
C A CCNTPOLLED SYS'EN. C
C ITO- ¶ OUTPUT PS2
C 2 COR;. POL ?SO
C
C 1PSDI PS0
C *2 PS2 AND TIP PESIrUES
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C
C
C INORA5 1 2 .M; NCOAL!Z!D ST 179 PPOCESS NOISE
C N4*¶r;. 9GR43 , NALIZE 9! IrH .EAS NOISE
C

DODBLL PRECISION Frk XGM. 1CSHYLH FBGEGinACL.' itWD1.D2,RES
1 BB6 CC.Q R.PqD 1l,DM~,AM,)Nl, r1.A, SLLS. EMOO,D1C'AST.ONRt,"A I,kl,DW15I
CcnHREni6o bi zl E
DIMENSION FA(A2 A2) IJ 42,W2)G 2 X-1 , NCf,, -N ,,

9XNOvS). FbG"(%SA,&O q*1,14(N S N3 N) AH14"S4 ")F I

2 il 1'2) D2'N~ C-jMS 4,
2 j 2),Bj!.2 ES1N2b.D ,N .., 5. W !•O• , P4(30) ,

DATA Owl1/iAO,.Do,s. DO, 10. Dn/
C 1Ff ITO .EQ. 3) IYU'1

IF•jNORM oSQ. 0) INORS = I
iiT = o0
IF(IPSD .GT. 1) 1PT 1

C
IX - IN0KS - MG
f(11 .GT. 0) IJRIT3(6 80001 I1

8000 fO• (/ SUBSEQUIENT 'SD IS NORMALIZED BT flEAS MO.',13)
1(1X .E. 0) URITEB6,8010 INORN

8010 FOR.AT4(' SUBSEOUENT RSD IS NORMALIZED BY PROCESS NOISE NO. -,13)
NlSO &112-"q

C
C .: CCMPUTE EIGENSTSTEM OF CONTROLLED SYSTEM
C
C :::::::::: "ORM F&

D0 10 IwI,x5
00 10 J.a4, MSFA(IJ • a CL(I.,1J)

10 FylASN1J) -- . honO 20 I•I, NS
D0 20 aJ31.N4S
ST - O0. a

15 ST = ST 4+ F.GEp,Kt'tfl(K,J)FA(N:.SJ; -T
20 FA 11AF

3 5 3  
) 4 r

CALL RAfFNH.T .2 !N. TA. 'L9 (1X.1P213.6)P)
Ccsnerctmct;-rt D•U•I ACE

6
VN

CALL SLLANC (2N 2,NFA LOV 14IID O)
CALL OTNFS(.q2, N2,LC;,IN afAn , D21
CALL ONFT•AN2, X2 LOb IHISH ?Ae32 I
CALL H$F2.4 N:, . -, L6O HIGF , w ,. t ERA)

flEp ., E. 0)ro|no to 1006 '

CALL BALBAK( 4N2e.2 LOW 1IHi0-HD1 '22 I)
C fl rerSr~ In6erL.~PsrCALL RAPPMlT(H2 92 142 q (SI1P36)

cgmnbctlce1-~n D~UGAbbvt
100 CONTIN•OS

C :::::::::: METRINE nODAL PIATRICES
!Fluz.AEG. 11 0 3 130C .... .-.s u

DO 1101 .c
De 110 J-1,42
ST * .
Do 105 K=1,Ns

1o0 ST - ST - ýjIX) lKJ)
110 9341 3)-

GO T6 150C ;: : :: ; SUBT1
130 DO l140 -=,:1 O

DO 1140 .1 ,l2
ST- 0.00O

00 135 F-1 IfS
135 ST - S- * rIlK)Ol(KJ) - H (I.K)'I(SfK,J)
1i0 0T(IJ) - SH

CALL PARN? (NO, N0,N2,9,N1,,•,* (9(11,1PD13.6))')
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C(;OrIaS*@~J*3 :EBUG ABOVIE150 CALL aI Ns IX 2,ST 5 , D2 (
CALL RAPERT(5 12 2,2"z,§,"6

Cra.t fl rwmrt- DEfiGaB 6YA
DO 160 I-1,N2

DO 26 8.9-AU"'
DO 155 K-1 VS

155 ST - ST - i 4 1,US4L)'GAS(K,J)
160 G(I, j ST

CALL )APRTN(M2.12, NG9 G6. .,' (9(1!, ;oP13.6))')

C ........... USE SELECTED ND!RM9LYAlT-ON
"200 IFJX(IAOR .LE. NG) DO0RN = 1.DO0/c(INORf.INOP')

IF( IUOK .GT. NG) ONORN - 1.DO/R(IRNR-GC NaOEm -mG)
C .::: _- : DETER4•NE BADNI OTH O CONTROLLED SYS

ErI&X - O.D0
DO 210 1-1 M2
£530 s DAB1 [I 42 (+IL_1n2

(E80OD .YT. EAD ) E!k - z.110
210 CO0T4NU!

YROD * D EQ T ESA I) ¶

C .; ROUND UP TO NEkAREST 2.6.5.8,10
HOG.3 ,,DLOG10(E'lD "•£10E*OG LTO £1100) VO -IlINT[DABS(ELOG) * 1)

iFffELOG .GE. 0.D00) IPO - IDINT ELO )
EMA I - EfOD94OlObI-PO1b0
1F(EnA! .GT. 2. 0) £80 0 2.00
1Ff ERAX .GT. .0DO) EBOD - q.00
IF (E£11 .GT. 5.0DO) 140D D .DO
1Ff £5A1 .GT. 8.00 SHOD - 8.g0M
I[ERAX .GZ. 10 EOD D 10-D0

- EIiX - Fl1OI)lOpltIPhEOO D

?ia - £EAx/20.DO
C ........... ADD 10 POINTS 3 DECADES UP

£IIEOD .LT. 5.0) GO TO 212
E I - 1.001
IK - 3
GO TO 216

212 EAX - 5-DO
IK - 2

216 CONTINUE
03! 30 FREQUENCIES

S... !.220 W(£ , Or'% (1- 1)

Oi 7 18 W-1,3
IP - 20 *
DO 218 I -1,3

II - DOD (IK3J-1.3) * 1
j3 * 0
i28K .EQ. 2 .ANn. 3 .5E. 21 33-1

b .3) f 031f11) 10"IPOilbI-1*3JJ. -2)218 CONTI MUE

II - .OD(IK,3)
W(30) 1 Ix)1 060*1 P 43 *IK-21

C ::::::::: LARIGE O~r IN Ra OUTPUTS
1rf LI .p". 1) IML- NO
1FITf U .2. M) ML - NC
DO A00 L 1 ML

DO 250 '1.1.30
250 F3D(1) - 0.30

C LOOP TH11 PROCESS IISE
DO 33O 11 NC

03IU 1 * 1m'nl~1FT ITO .12. 1 .AND i. 'jT . It WPTTE_$6 7R')11 r, o
0020 FO MAT(/A ,ANTrE! 71. . ROCES$ oo 1: ; s12 TO'2

1, *.1ASUF. 12. ) .* 121
83 

T0 
.20. 2 .A40. In Z2. 11 7901 b? 030$8 O L

80 rPA."j/' GPANS FD FCfEO.• ?RO:s NOISE "' .
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r j q . ,& g.' 1 ) C A L L R E S I D ( I #, L .N 2 ,J : Z ! I . 1 G , G . N L , H Y , W E , i fI .

¶ ý;fcpl RESIN (XL.2....Z?. 1,,••.,.U,.WR.WI.

1. -DO 28f 20"-Z o .C..'LX (0. DO.O.DO)
o v. Ud(K 2
DO 260 Riv

25 W25%,256
it D= flS1I)/w c os-uI (:T)

GC- TO 2
256 Rh = R 1 i t)=, iii II)

5Z0 DC PLZ(EE'
2 

4 Airk2 - - ,

:.ZZ aZ

260 CONTINUE
280 PSD(K) - P50(K) P ohi•(ZZDCZWZ&.zz))
300 CONTINUE

c GSUIW
Do 320 !a1.N2
DO 320 ,J=1*N0
ST = 0. D
D. 315 K-1 US

315 ST = ST : i 4 ,rK)CFBGE(K.J) * J (IS''5) 6'•GS(N.J)S32 0 ',V (; , i ST

320 V k - IRNT(32 N2,-%0 9 GV1,* (9( X, 1EP.1.6)),)

creOP001"Y0 Eof IJG AD~6Vk
...C.. LOOP T3IEU r.EAS %OISE

DO 39G 1z1 N0O
D1I - DnO6r.*s x 1)

1TW .. 1 A1b. IPT .Ej. II .URI7rkbSO O) I L

aoo aD JL TRANS5FER FUNCTiC FPON REA"t taEuT *4t2,

I TO hASULnEuET .. 12k
WITU E0. 2AND.IPT 

11 ii fI':!fb AG 50) I L

I0F0 IhTO .50. F 2 FUNCiO0i -FROM II~&

I' CO CN?50L 12)MN 
,2

. _Iiyu.E. )CALL RESSID(1L.NZ.JCF.Si.V.NL.L,.WR,WIM.ES,

I Scc.IPT)o0 380 Kal 30
Z % DC.. L(O.D0,. 000)
On - hI(K
DO 360 11s1,N2

1 F (Ul (If 360 53' 356

354 z I .•F11 P1)x(-Wl hILi 3N-wI (111 1

Go TO 360
356 PE-VR II\

zo- DCA4 PL EPL,2 0 Allr -"0622 O0'P.L'E)
ZN DC;PLI(RES (111"1 O&l-hF (I IPE,RES(11I) )0.

ZZ * ZZ * Z./ZD
360 CONTINUE

F r .•- . .. oR. I *. E. L) GO TO 37

so (F * rso(K) * ol• DN
178 PD (K) - PSD (K) *
380 CON TIN UT
390 :tcC_.INu

MI-- TI ".i•6 6.9033) ,L

1Fj ITO .EQ. 6*)0''. L

9000 FGFtT/ PS5 or uni .13.' FOCE Dy ALL NIOISE-(PAD rFEr. I

I S.'•A..LIZED PSDI '
9010 vnO§.%-*/ PSI) OF CO *,T I FObCtl BT ALL W31SE-(Rhf ?32.n

I1 ,V0CREALIZED P 'S2;Dýl/

9020 ro 0(11. ai-t.

1000 CONTINUE
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I CALL EUEIIT(32,FA.TEIR)
REE R II
END

SOBROUTINE EREXIT(V..,IZElI
C
C EREXIT RETURNS THE NUMEER OF THE EIGENVALUSZ WUEEE NQR2
C FAILS, THEN STOPS THE PROGEAB.
C

rNTEGER IEEE
DOUBLE PEECISION &
DIMENSION AdN1,k
WRI TE (6,900)

9000 FORHAT(" FAILUIE Z I 5Q2 3N EISENVALUE NO. 1,131
CALL RIPEST(N.N.N.9.A. (9 (,1 IPD13.6)))STOP
END
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ccccccccccccccccccc CCCCCCCCc CCCCCC CCZ -Z ,CCCCCCCCCC, CC
c C
C SENS:TIVITY COTARIANCE P&c:EAE CCC
C THIS PROGRAM IS USED TO SOLVE IS! EE.a- S-.SITIIY£ c

C EUATIONS WHEN T4ERE TS AN INCOE•S . -'- Lt•ESTATIDN C
C 0 DYNAMICS IN THE DESIGN 3f THE K1L2%AN FILTEP.THE C
C EcUA7IONS BECCaE C
C c
C P)OT?(F^-R-1.) P+F(Ff-K

0
H) I*DF V C-K0T C

C VTOT-. T+ Vtr-K'H) T-UDfl-GQGT C
C ODDT;rU;a*UrTfGCGT C
C CC THE PRINCIPAL FPOGPAN INPUTS ARE THE FYLLOWING Z0- C
C LLECTIOM OF SYSTEM AND !ILTER SArSZCgS C
C C"C P0 THE INITIAL COV-RIANC- NATRIIJNIR) C"C F THE TRUTH MODEL !ýYNA.ICS ?A&TS.IXN14N) C
"C Fe THE FILTER MODEL )TMHAICS MRATi NJ, c
"C H THE TRUTH MODEL FEkS3REMEN MAT,-'I 'mN' WHERE
C L :S T ?l .EASUREMENT VECTOR Dl'.•"s4ON c
C GQGT THE IN-UT NOISE COVAPIANCE NAr;•:I.i)C
'C N TlHE MEASUREMENT NOISE COVA IANC? ATMZ(LXLp c
C Xc FILTER SAIN (NIL) C
C C
ccc CccccccccCccccccccCc CCCCCCC•- •-CC: cCCCCCCCCCCC
C
C
C THIS PROGRAS HAS SEEN DEVELOPED USI•S THE IMSL LIBRARY
C kVTIIABLE IN THE COPOTEE CENTER OF nt_ NAVAL
C POSTGRADUATE SCHOOL
CC

IMPLICIT REALOS (A-HO-Z)CON No 14 7,7 7••,L,Gý?(7) t,•72t 2.,
C 4-'s4O,- F, 7,. 7s .S7 7

F A1 " *1 j 7..1hH~3~ ,:7H
CO. 1O N/ TaN*,/N, SPD
DIMENsiCN PFULL(7,71,2SSR(7)
DIMENSIUN DOTA 9
D111,r.SS•:ION ,.I7,);,P U77 UD4R~P3Wn7.?)|

EQ•UIVALENCE (U(L QAR(1J).VI (
VARj 1780. U(1) *6Ai cli,( (( it) , . ('D

1
I

C
C N-O!DER OF THE SYSTEM MODEL
C
C NiP-NUMBER OF 'tNTS
c
C NPDCONTPOL OF INITIAL DIA-NOSIIC :uVpuT
C
C Dr-TIME '.7ERVAL
c "EX".rNAL PUN

CALL UGET:O (3,5,6B
C
C
C THE FOLLUi:NG SECTION READS THE SPECIFIED INPUT

C ATRICES.,P'F-.SQGT,.Ck9 AND R

C C qFA DfS'aPt qp,qPoP, DT

98 !LRN -.AT(!) d;, 10. 5)__; ~97 Fcp I T(h a' ,] ,1 .$ .!)
-- 1~% .E- : (I-* 11/2

21 99 FL., 9A' (a Ft . 5)

C
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Do 1 tal N
1 READ(5 {5$991 , ,J ,1
CALL UýWFII( '
O0 2 '=11

2 RELD(5,99) (FS(I Jý Jal.v.N
CALL !JýWA Lfs, I -1 -4 %

11
' 11

CALL 0SiW {G GT• , IG GfwI .1

C
DO 3 1-1 .

3 READ(59g§ (AK(r.", -J :1,
CALL 0
Do 4 1=1 2

14 READ(s 94((j~.JtN
CALL WF. ('i ,1 ,.2,N,1)

C Do 5 t.5 ReEAoi. 9 0,1 -l~ ' ,
CALL USilfidi( R .l,Rrr2

g0 6 1-1.105
6 VA'4I}"0.

0O 7 J-1,N)
? DF(I• ,J rs (.)f£J

C

CALL VU•iUL7P ? 1•,*I.T. ,Am. T.7

CALL USJFN ( KRKT 1.411111
C
c CALCULATE Til DIF•!PENC! BET'WEEN THiE DYNA•ICS
C PZfLErMNTED 1H THE FILTER AND THE PLANT, DFF'-P

C
DO 20 J'1,w

DTy 1J) . bF (IJ)
20 FT( 5L-FA I,3

CALL V,.Aý K LD'?,' N ' 117)
CALL US16FN Z)~ ~~lT.,4%1
CALL VTF-- N N rNt - -
CALL 115. VNý ,F p ,7. !
CALL VMU'-Y A ,

C Do 21 1-1,7
00 21 J1.1 .7

Z I F!:'[ '. ,Ko.SR iH )'7,mk
CALL U.R'A"5 'F-511
CALL VTFA4K NF~Y1? N1  NN?7NN1
CALL USUFA (, S-KH3)T1,n 3ra-HT,?,N.,11

TOL.1I.D-5

L-O(IF(. L.7) GO TO 11

C
DO 31 !-1,NSL-L*I

31 VAR (LI.U (11

DC 32 7:1,N
DO 3 J 1,N

32 VAR (L)-V(t,Jl
c

DO 33 tAl.L-L.1
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C T? D=TFINAL D-KPO
C 0T OFq TI SYTE or

C DVERK SUBROUTIA2 FINDS ?HE SOLOTION 3? tH! STSSfl 0?

C DIFtBEZNTIAL gQUATICN5
C CALL DOERK(NVFull TVAR, TNDTOLINDBC,105,KIER)

CALL VCVTSFIVA3(U1)jNPFULL,I)
C
C CALCULATt AND PRINT THE RdS ESTIMATE EPIOVS

?FULPFUL IZ_ ...... AP
C

300

90 ;' it-1, .7

C IF ESIRE PRITTHE C3Vk~ABIACE R&Tt!CZS.PU INUD I

C CALL USUSPI.0 (3'1 ,O N,

c CAL (L IS.1) R(., . A.1) 7. K. N 2)

c CALUSS 'Pvi~iv AR H411) Nh. )
10 CON TI NUE

STOP

SUBfiOt1TINE VT1NUE(A NCI A)

IMIPLICIT R!&1.r3 -46

DO I 1-1,N

DO 2 J 1 v

2 k-j 6 J,,B 11,J)

END
SUBPOUTINK FUWCNV°T,VA0,DRV)

C
C ?C% SUBPOUTIN? 1S USED FOP EVALUATINS PUNCTIONS(INPUT)

C
SIMPLICIT PEW A-IHL - O-Z.) ,pCCAPOI F4.1L5 - fcOGO2 .A 2I

#AfRKT I [P.jD 4 I (•

COLIO T 1 4 /.1 D
0o7,7L P.12 I .iUD 

8
tV& n~~[~ I1~ P16 4 ~(I(

DO I t101Ns
LxL*1

1 U (I)-VAR(L
C

2 V ( .3J)PW". (L)

no 3 I.ias
3 P/z, VhPjL)

11AWE9. £9 ) %-PD

IF Ap'T.G7.51 GO TO 15

4h .. rE 4 6 99) IT
99 FOxttiA 

1 0T- ,025.15)
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CALL NSVSD ('U'.U,N 2)
CILL USN ('P W ', 1, I7, N,2i
CALL USVSHMA'P' 1V,, N. 42

is CALL VRUL? S(F,6 A §n I PI 7
IF(KT.LT.5j CALL 6S'.Frn(r',z" IsPi.7.MN1C2)
CALL VF.ULSF((U N' FTN 747MP2 7i
IP(K.TLT.5) cUt Ruk. dprr.j.T 7c
DO 5 I-1,N
DO 4 J-1 I

5 TSPI (I.JllTMPI (1,. ) *TflP2 ([. J)ST.•P1 (1,1wIj= 1 T.•(,I) t•GVG(1)

CALL VCVTPSfTMP I'm ,7 UD)
IKT L .LTS) ChLL U§Ws a VADDT' 4 UD N 2)
CALLI VNULFF ( 7 I GFN. F$sPi,7, N 2I W
IF(KT.T.5 LS) CLI i ,-1 . 2t
CALL VP.UL Fim' jY 75KM 3,1 P, tMpl t i&IF(KT.LT.5) CILL USi4-'R-n T'.i .0.2 )

C
DO 7 1.1,,1
DO 6 Ju1 11

6 VO I J) +MP'c 3) .rnP2(1 J) *TnP3(I,jg
V I DI I oVD(I I - )
1F( K+T.S C ALL 'USW"' r('D2?,,V.,UNCALL VýN 75 'FS¶ P N,'1,7 T.4" 7)
IF4 NT.LT.MI, ALL HUMf(* FS -(1KHPeJftj.,Pl.744,2)CALL V ,(UL$•(PN.FSSKKT. m7TNTPcfl
IF KT.LT.5) CILL USWFRC'4 -S-M,)" 9 9P2,7,,NN,2)
CALL VNULFF (0V 1, N .,7.T7P3 7.it |

IF(KT.LT.5) CALL UStP('6?t uTPP3,7,1,
DO a 1-1,9
00 S 31 JlN

a TNP I(I .Jf-unP (I, J) #TIP2(!,J) T4P3I:. A)
CALL V.ULFt(NV A,1F.N "I,7 '7.Tk*P37IER'
IF(KT.LT.5) FALL 'UP7.('$ 01gt.P3,1,N,N,2)

C
DO 10 1-1;3
DO 9 31. I

9 :nu3 cI.Jf-T.PT I (1J.) TitP3 (1,3J)*AKRK?(t,J
10 :1p3 I I I)-tLP] I,.CU 3rfI

CALL VCvTP,(TRF3,N7 pP|D
IPAKT.LT.5) -ALL USItW(' P03T(SKJ'.9,PD,,N,1.2)L.U

C
DO 1I 1-1,15

11 DBW (L) *UD (I)

DO 12 1*1,Y
DO 12 J-,1,1
L-L*1

12 DRV (L) -VD(T.J)

DO 13 11.0s
L-L*1

13 DPV IL) OI )13? INT.LT.) CALL OShPV('VV,3,DRV,NWV, 12)
FET. TNI

END
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cccccccccccccccccccccceccclcccccccc ccccccccccccCCCccC:ccccc• ~c
C SENSITIVITY COARIAhNCE PFOGiAh C
C C
C THIS PROGRAM IS USED TO S3LV! rHe ERROR. S--SITIVITY C
C EQUATIONS WUBN T.ITER IS AN INCORPECT u.PL!ME;NTirIou C
C OF DYNAMICS 1N1 TH CrESIl 3F THE KALIALN FLTER.?HE C
C EQUATIONS BECO.E C
C C
C PDL3: g•-Kb R)P4P(Fa-KCit)T*DFFW+VTbFT".cQGT.KtSRKT C
C VDOT:'= V(FF- KiY) TUDfT-GQ2T C
C UDDTYFU.FT 4GQGT C
C C
C THE ?RINCIPAL PROGRAM INPUTS ARE THE FOLLCWING ZD- C:
C LLECTION O? SYSTEP AND FILTER IATRICES C
C C
C Po THE INITIAL COVARINCE .ATRII'NIN) C
C F THE TRUTH MODEL DYNAMICS MATEII( NI N C
c Pl THE FILTER MOD-L DYNAMICS MATRKIRAN) C
C K THE TRUTH MODEL MEASUREIENT AIR II(LIN),W4ER! C
C L IS THE HEASUREBENT VECTOR DIRVIS ION C
C GQGT THE INPUT NOISE COVkRIAhNCE T .RIRX(NI C
C H TH! M1EASUUENENT NOISE COYARIANCE MATRIX (LIL) C
C K* FILTER DA.N (NIL) C
C C
CCC CCCCCCCCCCCC, CCCCCCCCCC CCC..:: CCC: :-ccic:cccccccccCccccc
c
C
C THIS PROGRAM HAS BEEN DEVELOPED USING THE INSL LIBRARY
C AVAILABLE IN THE CO9PUTER CENTER OF THE NAVAL
C POSTGRADUATE SCHOOL
C
C

IMPLICIT RELA8 (A-,H 0-%
COMMON F48,8 ,FSe8,ý,GQGT("fAKRKT a ,' V ,tF (aaI.,8,H:).,( f (8,8)
RFS .1KH18"" ~~~COMM •O I/KTR /ý. W9 mt)S q

ENSION LL'(
DIUMENSION DT V(8) aDIMENSION U4 U6ri '8,8 P .Un'361'VO(,

eVAP(136) DR (13g .C ( K 156 .9).P )
DIMENSIO Pl(8, )8r1S P

2 ( 8) 8 MPi3(8,87)
EQUIVW AL -E.CE (UlI) V AS(l) , IV(l" 1) ,VAR ( |p( l

SVAR (101)). (UO(1).
6
1iV(1fl .('0(1.1).DRV (37)1. (PD(1%.

_ !HV (101))
C
C !;-ORDER OP THE SYSTEM MODEL
C
C UPuMUMBEP OF POINTS
C
C ;IPDCONTROL OF INITIAL DIAINOSTIC OUTPUT
C
c DT-TIRE INTERVAL
C

EXTERNAL FUN
CALL UGETIO(3.5,6)

C
C
C THE FOLLOWING SECTION READS THE ZPECIFTED INPUT
C RATRICES.,FtF$GQGT.FR AND U
C

READ (9A. N.Nt, PDO,DT

97 FORM A. 1 ( 315,%ZGb.10)
NS"Nw (4*e11/2dtiITE. 2,Si N NS ,NPD ,PT

NY* 2'aVS*. 4f

qq FORt&T(8P?1.5)
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DO3 I 1- 4q
I ¶'A (S J (F (I.t ,J ~ ,

CALL. 0~Q§F?1 l..

Do 2 r-1 1
2 K(S s4i ('I(1 s , , ,

CiLL UiJMI ('PSI. , e h ... 1)
i -•) ~~~~~REID(s.9 G.T[ Il•8112(5D 3S9)J (7v;$ 1[.).J

CALL 0S'3dE (jGG QCt.E1,
DO 3 1' 1.
READ05 94)! JAK(IJ) .J-1:3)

CALL UsWF.!! K ', 1,AX,8, .11
C

30 4 3
R! RaD5 94j (ac(tJj*I
CALL Ufl ( It,1, 3, 3.1

C
DO S 11 3

S W F!(5.9)€ (.(1'Jj.JJ 1.:3
CALL I;uFN(R¶ a ,3,3,3, 31

C
Do ' t1,1l36:: ~6 WAR T|,0
0011Tý1.3
D0 7 jai,%- C

7 alJir I. -; t, sj I 'i

CALL VYULP. (AKR,'33 I. tI HER)
CALL VYUL P JT,'P 16 3 , A.PSkA • .IEt)
CALL USdF.( K9K9,ia.AARK;.fl,.,1)

C
C CALCULATE THE DI'FPI£E.CZ 8ETWEEN THE DYNAMICS
C Ir.PLEnENTZD IN THE FILTER AND THE PLANT, 0F-r-r
C

00 20 1-1,5
DO 20 J-1 I
DFT (I J) -6FO .3,,,3

20 FTZ•,) -F iiJ
CALL VT A•X , N..,)
CALL USWF¶( DLL PT' ,6,DFT,8,.M,M,l)
CALL VYRA I(FT M, N U)
CALL DSUFI('?Tt  A fr' *il 1CALL VNUL?. (AKANJ: 8a3 T.•1,8,r£ER)

CI ~ DO 21 1.1'st

00 21 J=1 8
F5, KH(•J IY( -i Jsk) -TP. p (r,J)21 PSIKHT(ITl) (J

CALL V!,&bIj • H1 ,K'T KH. ,,NN 1)

CALL US.Fn( (IFS-iKfT A,.'SlKHT,8,,',JNl)
T=0.
TOL=I .D-S

L=O
IF(5.ZQ.8) GO TO 11

DO 31 £-i,Ns
L=L I)

31 TAB (L)t-(t)

Do 32 z-l,
00 32 J-1,NL=L * 1

C32 VAR (L)-V1 ,J)

DO 33 Z-1,0

11 00 K P

100
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~1

C TEND-FINAL TI112
C

TEN D- KCDT
C
C DVERK ,•UBRO3TINE FINDS THIE SOlTION ?F THE SYSTEr. OF
C D!?FERETIAL EQUATIONS
C

CALL DVERK flY FUN T VAR,:ENtTO.L.IND,C, 136,U',iLE)
IF IND.L!- q.OLIE*.hfE.oir3 p
CALL VCVTSF (VAD (NI) ,N PFULL.8)

C
C CALCULATE AND PRINT THE RBS ESTIMATE -RPORS
C

90 30 1=1 it
NSA p-npaiL (Iit
PFU LL(I, 1) =:)ASiJREAP)

30 PS441 (•=VSQRT (P ULL (I.I).1
RITE£fbV93) T, PSQh I)

90 ?au?¶.T(,,rs. r10.5., kim-, CI.'7)
C
C IF DESIRED FRINT THN COVARIAlCE NArRICS.FP,U AND I
C CALL USWSA• I 11U w
C CALL USWFJI f N NN3
C CALL USWS('P' , I.VAR(N1)i,3.3

10 CONTINUE

EN.D
SUBROUTINE VRANKI (A P NC I&)
I1PLICIT REALO* (f- ,-Zf
DIBENSION 8L(IAI).B(6,8)

C
DO 1 1s1,N
Do I 3a1,N

I B (I Ji3vA (4,1)
C

DO Jinl,N
2 AIr J)wf (1.J1

END
SU'BROUTINE FUN(NV,T,VAR.DRT)

c FCU sUB~OUrINE IS USED FOR EVALUATIN .!ONCTIONS(INPUT)
C
C

IMPLICI BEAL*A8 A-H 0-?)
CO, noN FJ8.B3 ,FShtwef.G:fQG?(St, .
*AKRK? (8.,8 .FJ8 T (Sf. KF. ) FK(IF
rS ;KH (80), * 8 f1}8)
CORSO N/fTR 1 q /N PO
DIRENSIO Nib' t,) Pj35VU43 1 2 6 D7IVs-BB)I
D!MANS2 b T 1 , 6,T"i (88 M N.' (1B, B)

L0O
DO I Isl,Ks

DO 2 J1,N1

L-L*l2 V(I J) VAN(L)

DO 3 1N.1.3
L-L .1

3R (ZATAN(LI

IF 4 T.GL.5) GO TO 15

11 hl Tr ; 
99)1T99 ObRMAT(,OT"',D25.15)
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CALL USWSM 'ue°1.046.
3
)

CALL Mw, ,V ' 
7
N• 3.31

CALL USV-- 1,gP 6'p - 1 1
15 CALL YflULF I('. 4IU#- 3' I,I.F •T.LT 5/ CALL ýSiFfi( li 3.,'IF'l, S. ,3)

CAI. N•T5 FT e:-n. . w '

DO 5 1-1,1.
DO J-1 II

IA P1 .(=, J rn- J I , 11P2 II, J)
5 i 1T TP I (pi I,1t) *.QGT (1)

"CALL i VrvscnP1,% 7 DU

IYr(K?-LT.5L CA AL j§WtllAUD:)T'l UP M
CALL rTEULF0 L N a 11 A8 r - Ho

iCKT.LT... ULL 6sAA7 3F H4 8 8'' 3)
CALL WNUL?•F ?S..KHT W IN,,§ & TMF,

FI(KT.L-S CkLL USUHIila .

IF(KT. TS itDU~fit~j~iuDt'.5. TMP'$.s, 1 13

DO 7 1.1,1

DO 6 jiul
6VDT =1162l(1 3) .TNP2(I,J) TrflP3 (1.3J

7 
0  

ijVjj:VlD (IL I 1 - V CQG I),,'(,
IfKTLT51. ALH ft(--t - D , NL 4D ,3)

CLL VMLg 
M p 6.41'N'mu TAW)C VRULYS (F qMKK FM. P 6 8 TNP .8)

* lKT. LT.5) ALL USWYf(' (NS-•KH) 8
CALL iVULFI (U? 1,1 Hf.,8. T1P3. 8.E& %..a3I

:fl(T.LT.S) CALL USWFPI('f 6, T9 T' .*.S',1N,3,]

C DO 8 1.1.16
-- CALL v•tULF~ (1,3) .7MP,?,T. 2P1".TL " ., , .

i?(KT.LT.5) CA L RF V 1.5T.P3 ,, 31

C DO 1 10 1 'I

DO 9Jl.J,1I
T m1P3 (i,3)3TriP1 (1.3JI *T 16P3 (I, J).A, K3KT1" ( , 3Do T aP J -(II] Ttr p3 (1, *GQGT F .T (1, 3T

CALL SD'VF f.mPD--..S71,.3,t h-.".3

I K .LT5) C ,L WFV'p•T S• ,gp ( N .4.3)

C DO 11 1.1.1I

11 0PR1(LI-UDCT)
DC 12 1-1.11
DO 12 J-013

12 Dii (L)-vDCtrlI
1 0 O 3 I t I.1,NS

1 P3 ,)Y LT ASPOCI)P.,.i~v3

I? 4KT.LT.S5 CALL US WFWDRr.3.nRV.NV.1.3)

Po 11 Ii31.1s
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